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Zusammenfassung

Der aktuelle Trend zunehmender Antibiotikaresistenzen und abnehmender Anzahl wirk-

samer Antibiotika wird zu einer Gefahr für das Gesundheitssystem, da er den medi-

zinischen Fortschritt bei der Behandlung von Infektionen revidieren könnte. Das Prob-

lem wird nicht nur von der Weltgesundheitsorganisation, sondern auch in einer Vielzahl

von nationalen Aktionsplänen adressiert. Die vorliegende Dissertation befasst sich mit

Ansätzen, die dazu beitragen können, den derzeitigen Trend umzukehren, und gliedert

sich in drei Abschnitte, deren Ergebnisse in Publikationen vorgestellt werden.

Im ersten Abschnitt wird ein schneller, phänotypischer Antibiotika-Empfindlichkeitstest

vorgestellt, dessen Ergebnisse Voraussetzung für einen verantwortungsvollen und ef-

fektiven Einsatz von zugelassenen Antibiotika sind. Ein besonderes Augenmerk lag

auf Infektionen der Blutbahn und der Zeitspanne von der Probenahme bis zum Ergeb-

nis, die bei den derzeitigen klinischen Standardverfahren mehrere Tage beträgt. Der

entwickelte Test ermöglicht es, diese Zeit auf 5-10 Stunden zu verkürzen, so dass die

Verabreichung von Breitbandantibiotika auf die Initialdosis reduziert werden kann. Im

zweiten Abschnitt wurden antibakterielle und biofilmhemmende Beschichtungen mit

Chitosan als Vorbild synthetisiert und für eine mögliche Anwendung im Bereich der

Wundheilung oder Implantatbeschichtung charakterisiert. Dieser lokale therapeutische

Ansatz ermöglicht eine effizientere Behandlung und schont die Antibiotikareserven,

indem er den Einsatz von systemischen Antibiotika reduziert oder sogar überflüssig

macht. Im dritten Abschnitt wurden Glycomimetika auf ihre Eignung zur ergänzenden

und unterstützenden Therapie untersucht. Die untersuchten Carbazucker-Vorstufen

zeigten ein deutliches Potential in den Bereichen Biofilm-Inhibition und bakterielle Re-

sensibilisierung. Eigenschaften, die vor allem bei der Behandlung chronischer Wun-

den auf deutliche Fortschritte hoffen lassen. Für die klinische Anwendung müssten die

getesteten Glycomimetika jedoch noch weiter optimiert werden.

Die bearbeiteten Bereiche tragen dazu bei, wirksame Antibiotika im Gesundheitssys-

tem zu erhalten und die Entwicklung von neuen Resistenzen zu verlangsamen. Syn-

ergieeffekte dieser Ansätze in Kombination mit anderen und zukünftiger Forschungsar-

beiten besitzen das Potential dem vorhandenen Trend zunehmender Antibiotikare-

sistenzen und abnehmender wirksamer Antibiotika umzukehren. Die zunehmende

Umsetzung der in vielen länderspezifischen "One Health"-Konzepten zum Ausdruck

gebrachten Absicht, Maßnahmen zur gezielten Antibiotikagabe anzuwenden, gibt An-

lass zu Optimismus für die zukünftige Behandlung bakterieller Infektionen.
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Abstract

The current trend of increasing antibiotic resistance and the decreasing number of ef-

fective antibiotics is becoming an ongoing risk for the healthcare system, as it could

reverse medical progress in the treatment of infections. Therefore, the issue is not only

addressed by the World Health Organization (WHO), but also in a variety of national

action plans. This dissertation examines various approaches that can help to reverse

the current trend and is divided into three sections, the results of which are presented

in publications.

The first section, which comprises the main part of the thesis, demonstrates a rapid,

phenotypic antibiotic susceptibility test, the results of which are a prerequisite for the

responsible and effective use of approved antibiotics, so that they retain their efficacy

in the long term. Particular attention was given to bloodstream infections and the time

from sampling to result, which is several days with current standard clinical proce-

dures. The developed test reduces this time to 5-10 hours, allowing the administration

of broad-spectrum antibiotics to be reduced to the initial dose.

In the second section, antibacterial and biofilm-inhibiting coatings were synthesized

using chitosan as a model and characterized for possible application in the field of

wound healing or implant coating. This local therapeutic approach enables more effi-

cient treatment and conserves existing antibiotics by reducing or even eliminating the

need for systemic antibiotics.

In the third section, glycomimetics were examined for their suitability as adjuvants. The

evaluated carbasugar precursors showed considerable potential in the areas of biofilm

inhibition and bacterial resensitization, properties that give hope for significant progress

in the treatment of chronic wounds in particular. For clinical application, however, the

tested glycomimetics would need to be further optimized, both in terms of effectiveness

and the specificity of the target with a known mechanism.

Each of the sections investigated contributes to maintaining effective antibiotics in the

healthcare system and slowing the emergence of new resistances. The synergistic

effects of these approaches in combination with the ones of other and future scientific

studies have the potential to reverse the existing trend of rising antibiotic resistance

and dwindling number of effective antibiotics. The increasing implementation of the in-

tention expressed in many country-specific "One Health" concepts to apply measures

for the targeted and effective administration of antibiotics gives cause for optimism for

the future treatment of bacterial infections.
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1 Introduction

1.1 The Antibiotic Crisis

Antimicrobial resistance (AMR) is a pervasive challenge in today’s healthcare system and poses

a serious threat to human health. The World Health Organization (WHO) has classified it as one

of the "urgent health challenges for the next decade" and drew attention to the rising number

of deaths caused by antibiotic-resistant pathogens [1]. According to data from 2019, infections

with antimicrobial resistant pathogens (AMR-Ps) are responsible for an alarming number of

deaths worldwide: around 4.95 million (64 per 100,000) deaths are associated with AMR-Ps

and 1.27 million (16.4 per 100,000) deaths are directly attributable to infections with AMR-Ps

[2]. The WHO predicts that the number of deaths caused by AMR-Ps could rise to up to 10 mil-

lion per year worldwide by 2050 if no action is taken [3]. Mestrovic et al. [4] stated in their study

on the European region (including Central Asia) that developed countries, especially those with

implemented national antimicrobial action plans (NAP), fare better. In Sweden, the country

with the lowest mortality rate by AMR-Ps in the European region, only 11.8 deaths per 100

000 people are associated and 2.5 deaths per 100,000 people are directly attributable to infec-

tions with AMR-Ps. This is considerably lower than the average for the European region, with

541,000 (58.1 per 100,000) deaths associated and 133,000 (14.3 per 100,000) deaths directly

attributable to infections with AMR-Ps. Around 78.8% of all deaths caused by AMR-Ps are due

to either lower respiratory tract infections (LRI), bloodstream infections (BSI) or intra-abdominal

infections, with LRI and BSI accounting for the majority of infection syndromes [2]. Most NAP

aim to optimize the use of antimicrobials in human and animal health [5]. This is also reflected

in the EU’s proclaimed prevention strategy: "Reduce the overall use of antibiotics in humans

by 20%" and "At least 65% of the total antibiotics used in humans should be used effectively"

[6]. Examining national efforts, France, through the law No. 2014-1170 of 13 October 2014

on the future of agriculture, food and forestry (Article 49) [7], has demonstrated a commitment

to reducing critical antibiotics by 25% until 2016, which was achieved according to the report:

"Between 2014 and 2016, a decrease of 75% for fluoroquinolones and 81% for last generation

cephalosporins was observed, largely fulfilling the objective established by the law in 2014" [8].

In 2021, the WHO reported that 163 countries had already participated in the survey on the

implementation of the Global Action Plan on addressing AMRs [9], 122 of which had already

implemented a NAP in 2022 according to the study by Charani et al. [10]. Although the impor-

tance of the issue has increased significantly worldwide and appropriate measures have been

introduced, trends indicate that the overall global consumption of antibiotics will continue to

increase, as in the treatment of children with lower respiratory tract infections, for example, an

1



2 1 Introduction

increase by 46% has been observed between 2000 and 2018 [11]. In food-producing animals,

in turn, an increase by 8% between 2020 and 2030 has been predicte [12]. Increased usage

will inevitably lead to further development of resistance [13, 14], resulting in the spread of resis-

tant pathogens, which in turn increases the chance of ineffective antibiotics being prescribed.

As a result, the treatment is not effective and further antibiotics are prescribed - a vicious circle,

as shown in Figure 1.1 - which progressively reduces the number of antibiotics that are still

effective.

Figure 1.1: Vicious cycle of antimicrobial resistance (AMR) leading to the use of more antibiotics
(ABs) and decrease of still effective critical ABs. Examples of policy initiatives,
positive and negative effects and the interaction of the publications listed in the
results on the cycle are presented. Figure created with biorender.com.
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This circumstance could be safely neglected as long as sufficient new antibiotics were available

and continuously new ones were developed to ensure the availability of effective antibiotics. Un-

fortunately, this is not the case, with only 32 new antibiotics currently in clinical trials targeting

WHO priority pathogens [15]. Furthermore, only a small percentage ultimately receive approval,

with just 5 new antibiotics (226 total new drugs) approved by the FDA between 2018 and 2022,

compared to 16 (95 total new drugs) between 1983 and 1987 [16]. The decline in approved

antibiotics, both in absolute numbers and relative to all drugs, combined with the identification

of resistant pathogens often in less than one year after approval [17, 18], highlights the dis-

crepancy between the clinical trial pipeline and clinical need. It is therefore crucial that these

antibiotics are used responsibly to significantly extend the time until resistances emerge and

safeguard the efficacy of these life-saving medications.
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1.2 Antimicrobial Susceptibility Testing (AST)

An important tool in this context is the widespread use of antimicrobial susceptibility testing

(AST), which allows existing antibiotics to be used much more efficiently while improving treat-

ment outcomes and avoiding unnecessary side effects from the administration of ineffective

antibiotics. The current approach for determining effective antibiotics involves a preliminary

culture (e.g., blood culture for bloodstream infections (BSI)) and the subsequent AST using a

disk diffusion test or automated methods. In order to start treatment without delay, especially in

severe cases, broad-spectrum antibiotics are initially administered until the results of the AST

are available. Using current clinical methods for BSI, the turnaround time from specimen col-

lection to result is 28 hours at best, but usually 48 hours or more [19–21]. Yet, a rapid test of

8 hours would be desirable, limiting usage of broad-spectrum antibiotics to the first administra-

tion, as the decision on antibiotics for the second administration should be based on the AST

[22, 23]. Short turnaround times are strived for in any diagnostic test, but in the case of AST,

they are fundamentally important. Every hour earlier switched to targeted antibiotic therapy im-

proves clinical outcomes [24–26], especially in patients with septic shock, where survival rates

decrease by 7.6% for every hour of delay [27]. Given the fact, that the time to result has such a

profound impact, both on the emergence of new resistance by reducing overall consumption of

broad-spectrum antibiotics and on therapeutic outcomes by allowing earlier initiation of targeted

antibiotic therapy, the scientific community has focused on developing new methods to reduce

it. These methods can be classified into two categories, genotypic and phenotypic, with the

phenotypic AST category comprising tests that detect the direct effect of the antibiotic on the

pathogen, while the genotypic methods detect the presence of genes required for resistance

[28].

It is important to note that, depending on the infection syndrome, a preculture may be required

prior to AST, e.g., a blood culture for BSI, yet in many studies only the time for AST after

preculture is stated, which can distort the actual time from patient to result. Genotypic AST,

particularly based on whole genome sequencing (WGS) has attracted a lot of attention, as it

was assumed to eliminate the need for high bacterial concentrations and thus pre-culture, re-

sulting in a significantly shorter turnaround time. However, most current studies are still based

on isolated pure cultures and therefore require a pre-culture [29]. In addition, WGS has shown

the potential to remove the biggest challenge to genotypic AST so far - exclusion of AMRs

due to the targeted approach - as genotypic AST was previously almost exclusively based on

PCR [30–34] or microarrays [35, 36]. The technological improvements and greater accessibil-

ity of WGS have, therefore, significantly increased the power of genotypic AST, as the whole

genome can be compared with databases for resistance and it is no longer necessary to de-

cide in advance on the sequences or genes to be analyzed, which has been demonstrated

in scientific studies using next-generation sequencing, e.g., nanopore sequencing [37–39] or
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Illumina sequencing [40–42]. Due to the theoretical advantages of WGS - e.g., untargeted and

without preculture - genotypic AST is envisioned as a new standard to replace the classical

phenotypic AST prevalent in clinics, but to date these advantages remain entirely or partially

theoretical and still need to be translated into practice in addition to cost, high-throughput and

interpretative issues [43]. Technological advances of WGS substantially increased the potential

of genotypic AST, while at the same time shifting the focus to the next challenge: the database.

In order to detect the resistance genes, they must first be known and included in the database,

such that matching the sequencing data with the database can identify them. However, this

challenge appears to be manageable, even if it involves a considerable degree of effort and will

require continuous updating of the database in the form of an ongoing process to incorporate

newly discovered resistance genes. The fact that unknown resistance genes cannot be de-

tected using this method is also only an issue in the initial phase of newly emerged resistances

if the database is continuously maintained and unknown resistance mechanisms are system-

atically analyzed. However, the approach to solving this challenge is based on overcoming

an even more fundamental issue, the existence of a single, unified database. This was also

emphasized in the evaluation of WGS as an AST tool by European Committee on Antimicro-

bial Susceptibility Testing (EUCAST) in 2017, alongside the need for the database to support

the various systems and bioinformatic tools available [29]. Consequently, the EUCAST report

concluded that "for most bacterial species there is currently insufficient evidence to support the

use of WGS-inferred AST to guide clinical decision making." [29]. The statement of the EU-

CAST report is further supported, for example, by a study by Rebelo et al. [44] comparing 500

bacterial isolates from Danish clinical microbiology laboratories using WGS (Illumina NextSeq,

genotypic) and standard microdilution in broth (phenotypic). When comparing the results of

both methods, Rebelo et al. found agreement in 91.7% of all cases (pathogen-antibiotic combi-

nations). In 6.2%, no resistance was detected using microdilution in broth, whereas resistance

was detected using WGS. The resistance genes were therefore present in these pathogens,

but did not cause resistance, e.g., as a result of insufficient expression levels [45, 46]. Although

these cases should be avoided in the future as they falsely exclude antibiotics that are still ef-

fective and consequently limit the choice of the most appropriate antibiotic for treatment, there

is no direct harm to the patient as long as other effective antibiotics have been identified that

can be administered. The remaining 2.1%, on the other hand, have the potential to negatively

influence the treatment outcome, as these cases did not show resistance detected by WGS,

although phenotypic resistance was present. Considering that these 2.1% of overall cases

examined correspond to 26.4% of all phenotypically detected resistances, demonstrating that

almost one in four resistances were not detected by WGS, highlights the current unsuitability of

WGS as an AST tool for clinical decision making without phenotypic verification [22].

For the foreseeable future, phenotypic AST tests will therefore be irreplaceable as a standard for

clinical decision-making, although this may change, as noted in the EUCAST report, once the
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above-mentioned shortcomings of genotypic AST are addressed and genotypic AST provides

comparable results and lower costs.

Figure 1.2: Workflow from sample collection until targeted antibiotic (AB) therapy. A general-
ized overview of several phenotypic [47–65] and genotypic [30–42] approaches for
antimicrobial susceptibility testing (AST) methods is illustrated. Figure created with
biorender.com.

The currently best option to improve AST is thereby to reduce the turnaround time of pheno-

typic ASTs and replace the current “gold standard” with novel methods surpassing it. Numer-

ous approaches, including different methods and their combinations, have been presented in

the scientific literature to shorten the turnaround time required for phenotypic AST, as illus-

trated in Figure 1.2. Examples include: microscopic detection of growth [47–49], colorimetric

detection [59], fluorescence [60, 61], extracellular ATP by luminescence [62], flow cytome-

try [64], intensity-based phase-shift reflectometric interference spectroscopic measurements

(iPRISM) [51], quantification of DNA [50], antibody-modified magnetic nanoparticles [63], vi-

brations by bacterial nanomotion [65], electrochemical measurement methods such as differ-

ential pulsed voltammetry (DPV) [52–55], cyclic voltammetry [56] or electrochemical impedance

spectroscopy (EIS) [57, 58].

Most approaches focus on the AST itself and demonstrate significant time savings compared

to current standards, but often neglect the steps between patient sampling and AST. These

approaches start with samples in growth medium or urine with a high concentration of bacteria,
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available only in special cases such as urinary tract infections with bacteria, but otherwise

require pre-culture to achieve the initial bacterial concentrations necessary for the method.

Considering that pre-culture and logistics currently take up a large part of the time from sample

collection to result, greater attention should be paid on reducing or eliminating them. This

applies in particular to lower respiratory tract infections (LRI) or bloodstream infections (BSI),

which have very low bacterial concentrations (LRI: sputum > 104 CFU/ml [66, 67]; BSI: serum <

103 CFU/ml [68, 69]) and limit the possible direct-from-sample AST approaches due to viscosity

and interference of present biomolecules. However, BSI and LRI are the two most common

infectious syndromes associated with AMR-P and are responsible for the majority of deaths

attributable to AMR-P [2]. Future phenotypic AST systems should, therefore, be compatible

with samples associated with these infectious syndromes and also explicitly consider the time

required for precultures.
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1.3 Non-traditional Antimicrobials and Resensitization

Strategies

Various resistance mechanisms against antimicrobials are known, as reviewed in detail by

Smith et al. [70] or Darby et al. [71]; such as target modification and protection [72, 73],

target repair and compensation [74, 75], agent modification or inactivation [76], restriction of

membrane permeability [16], efflux pumps [77] or biofilm formation [78, 79]. The difficulty in

tackling them is that resistance is subject to constant change and adapts quickly on a global

level to the circumstances or antimicrobial strategies applied, e.g., through selective pressure,

high mutation rates or horizontal gene transfer [80–82]. Despite the fact that the use of AST

is an important, if not the most important instrument in the fight against AMR, it does not com-

pletely prevent the development of resistance, but only considerably slow it down , even if

antibiotics are used appropriate [83, 84]. It, therefore, can be assumed that resistances will

still be present in the future, and some of the future AMR mechanisms do not even exist to-

day. In order to continue to have sufficient effective antibiotics available, it is imperative that

new antimicrobial agents and strategies are developed or bacteria are resensitized to existing

antibiotics. Traditional, or conventional, antibiotics refers to antibiotics by the paradigm of the

first discovered antibiotics, which comprises nearly all of the currently used antibiotics, most of

them are small molecules targeting physiological processes and prevent a specific, vital action,

leading ultimately to bacterial death [16, 85]. Non-traditional antibiotics, on the other hand, re-

fer to the broader category of all strategies and approaches that do not fit into the traditional

category [86, 16]. Figure 1.3 provides an overview of antimicrobial agents, AMR mechanisms

and resensitization approaches. Most non-traditional antimicrobials follow one of the follow-

ing priciples [87–91]; first, a reduced selection pressure, e.g., by supporting the host immune

system or by reducing virulence factors. Second, an interaction with more fundamental prin-

ciples, e.g., physical mechanisms such as the membrane integrity that affect multiple targets,

or third, adaptive strategies that can easily cope with new resistances and evolve with them,

e.g., bacteriophages. As previously mentioned, the number of newly developed antibiotics is

low by historical standards and there are no signs of a trend reversal. The low number of newly

approved antibiotics combined with increasing resistance has probably led to a paradigm shift

in antibiotic treatment, which now aims to extend the time until antibiotics become ineffective in-

stead of counteracting the emergence of resistance by developing more and more antibiotics. In

addition to the use of AST, supplementing conventional antibiotic therapies with non-traditional

antibiotics is, therefore, an advantageous approach, as the development of ever new conven-

tional antibiotics only to discover resistance to them after a few months to years of clinical use

seems rather unattractive and inefficient [17, 18]. It is likely that future antibacterial strategies

will be based on a combination of several components which act mutually complementary, each

in their most effective way.
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Figure 1.3: Generalized overview of most prominent traditional [92, 93] and non-traditional [94]
antimicrobials, antimicrobial resistances and resensitization approaches. Figure
created with biorender.com.
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1.3.1 Coatings

One example, which is already being used in clinical practice in certain variants, is the use of

antimicrobial coatings on implants, supplementing conventional systemic antibiotics and sig-

nificantly reducing post-operative implant-related infections [95, 96]. Post-operative implant-

related infections directly influence the success chance of the surgery, as an infection results in

immunological host response, thereby increasing the likelihood of implant rejection, ultimately

leading to implant failure [97]. Silver ions, nanoparticles, iodine or linked antibiotics are currently

on the market as antibacterial implant coatings, while hydrophilic surfaces, superhydropho-

bic surfaces, anti-adhesive polymers, nanopatterned surfaces, enzyme- and biofilm-disrupting

agents or chitosan derivatives are still in preclinical stages [98]. Surface modifications by phys-

ical or chemical modification in the form of coatings are particularly suitable for use on medical

implants to prevent post-operative infections, as they are locally effective, can be applied to

large surfaces and do not affect the mechanical properties of the implant [99]. By incorporating

antibiotics directly into the coating, which are released over time, side effects can be drasti-

cally reduced as the systemic concentration is lower and the antibiotics are more effective due

to a higher concentration at the implant site. Ideally, the coating and conventional antibiotics

complement each other in one system and the use of systemic antibiotics becomes obsolete

[100]. Another approach utilizing the properties of coatings aims at increased adhesion and

proliferation of host cells to prevent rejection of the implant and thus improve tissue integration

and biocompatibility, a process that the coatings can support through specific proliferative and

adherent effects [101, 102]. This underlines the potential of coatings, especially for implants,

as they can shift the probability of surface colonization to the advantage of the host cells by

improving the host’s regenerative capacity in combination with bactericidal activity.

1.3.2 Resensitization

Resensitization of AMR-Ps to antibiotics via inhibitors or adjuvants is another strategy that

contributes to the continued availability of effective antibiotics as it is, by definition - Cambridge

Dictionary: ”to make someone sensitive to (= aware of or affected by) something again” [103] -

the opposite of resistance emergence. In this context, the strategy of antibiotic adjuvants can

help to increase the availability of effective antibiotics in a more cost-effective way than the

continuous development of new antibiotics [104]. Nevertheless, the impact is probably in the

short term, as resensitization by adjuvants is subject to the same challenge as the antibiotics

themselves: It promotes the development of resistance due to the selective pressure of the

antibiotic-adjuvant combination on the bacterial population [105]. Similar to antibiotics, it is,

therefore, likely that resensitization strategies with high selective pressure or directed only at a

specific target will become ineffective quickly, whereas strategies based on a more fundamental
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principle that induce less selective pressure (e.g., anti-virulence or quorum sensing [106, 107])

should have a lower probability of developing resistance.

Various strategies to resensitize AMR-Ps are described in the scientific literature, and those ap-

proved for clinical use are mainly inhibitors of β -lactamases (e.g., clavulanic acid, sulbactam,

tazobactam, avibactam, varborbactam and relebactam) [108, 109]. This is not surprising, as

with the introduction and clinical success of the first traditional antibiotic, the β -lactam antibiotic

penicillin G, research and development of new antibiotics focused on its derivatives, resulting

in many antibiotics with the common structural feature of the β -lactam ring [110]. As a result,

between 2004 and 2014, 65.24% of all antibiotics prescribed in the United States were from

the β -lactam class [111]. Since resistance to β -lactam antibiotics mainly occurs in the form of

enzymes, the β -lactamases, and the use of antibiotics of the β -lactam class is widespread, it

is obvious that the majority of interest for inhibitors also relates to these [112]. One example

is the study by Tehrani et al. [113] describing the use of commonly used small molecule car-

boxylic acid derivatives to inhibit metallo-β -lactamases. Other studies focused on the use of

drugs already approved for other applications, such as auronofin [114], an antirheumatic drug,

showing synergistic effects in combination with carbapenem and colistin by displacement of

Zn(II) cofactors necessary for resistance, or disulfiram [104], an alcohol-abuse drug, restoring

the susceptibility of AMR-Ps to carbapenem and colistin. Approaches that are not based on

the inhibition of enzymes have also been described, for instance Mu et al. [115] described

cationic polysaccharides damaging the inner and outer membrane of bacteria and affecting

efflux pumps, resulting in resensitization of multidrug-resistant bacteria to rifampicin. Another

study achieved resensitization utilizing dominant sensitive gene delivering phages [116].

The study of bacterial behavior has led to the discovery of underlying mechanisms and sys-

tems that can be exploited by new strategies to target the virulence factors responsible for

AMR or pathogenesis. Virulence factors are considered to be bacterial properties that have a

pathogenic effect, with biofilm formation currently being one of the most important virulence fac-

tors responsible for AMR [117]. Restricted access at the molecular level through a combination

of diffusion barriers across the extracellular matrix, efflux pumps and antimicrobial-destroying

enzymes in conjunction with gene transfer and biofilm-integrated persister cells as AMR mech-

anisms significantly limits treatment once the biofilm has formed [118]. The resensitization

and prevention of biofilm associated AMR results in three different treatment approaches [119];

first, prevention of biofilm formation at an early stage by inhibiting the adhesion of bacteria to

surfaces. Second, disrupting an existing biofilm and third, interfering with bacterial response

regulators affecting the quorum sensing system. Depending on the circumstances and ap-

plication, all three approaches have their advantages and are more or less suitable. Biofilm

prevention is particularly relevant in the form of coatings on indwelling medical devices, as it

can pre-emptively and locally prevent the formation of biofilms on high-risk surfaces. When the
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biofilm is already present on a surface, treatment with matrix degrading enzymes is one op-

tion. Two examples of enzymes described in the literature for this purpose are Dispersin B and

DNase I. Dispersin B hydrolyzes the glycosidic bonds of β -1,6-N-acetyl-D-glucosamine [120]

and endonuclease DNase I inhibits early biofilm formation by cleaving phosphodiester bonds

adjacent to pyrimidines [121, 122].

Influencing the quorum sensing (QS) system is one of the more recent approaches to com-

bat AMR, as "we are beginning to understand the links between QS and bacterial sociality"

[123]. Nevertheless, using the bacteria’s own communication system to disperse biofilm and

decrease virulence appears to be more favorable in terms of practicability and probability of

resistance emergence than combating each biofilm-associated resistance mechanism individ-

ually. The most prominent signaling molecules that play a role in the quorum sensing system

include N-acylhomoserine lactone (Gram-negative pathogens), autoinducing peptides (Gram-

positive bacteria) and autoinducer-2 [124, 125]. Several compounds have been identified to

interfere with the QS system and have shown promising results to inhibit biofilm formation

and disperse biofilms; furanones [126, 127], 2-aminoimidazole compounds [128] or N-Acyl Cy-

clopentylamides [129] are some examples.

This dissertation addresses several projects in these areas, the objectives of which are de-

scribed in more detail in the next chapter.
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The balance between the emergence of new AMRs and the amount of available and effective

antimicrobial agents is constantly changing. Over the last decades, the number of new AMRs

has outweighed the number of new antibiotics, leading to obvious challenges in hospitals and

medical treatment worldwide. Since the emergence and spread of new AMRs results from the

selective pressure of antibiotics, new resistances will emerge as long as antibiotics are used.

Consequently, as long as humans utilize antibiotics, they will continue to be confronted with

new resistances against them. To shift this balance in favor of human beings, the development

of new antibiotics, including new therapeutic approaches, must therefore go hand in hand with

the responsible and effective use of antibiotics to minimize new resistances. The aim of this

dissertation is to investigate different approaches for this purpose.

2.1 Antibiotic Susceptibility Testing (AST) for

Responsible and Effective Use of Antibiotics to

Minimize New Resistances

A fundamental prerequisite for the responsible use of antibiotics is the ability to identify which

antibiotics are effective and which are not. This project’s objective was to develop a rapid

electrochemical AST system, which is easy to use and produces results after around 8 hours

directly from serum. Therefore, the possibilities of 3D printing for the production of microfluidic

prototypes on a laboratory scale were created first. An important part of this work was to find out

which material is suitable for biological applications, as it must be suitable for printing microflu-

idic structures, as well as being water-resistant and non-toxic. The second part of the project

was the development of a 3D-printed prototype for a rapid, electrochemical, phenotypic AST,

which was achieved by combining the established 3D printing process with electrochemical

measurement methods and computational analysis. The AST was demonstrated for 4 clini-

cally relevant pathogens of bloodstream infection using artificially spiked plasma with realistic

bacterial concentrations as samples and showed results 5 to 10 hours after sampling.

13
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2.2 Chitosan as a Natural Antimicrobial Material for

Novel Coatings

The prevention of microbial infections by prophylactic administration of antibiotics is a standard

procedure for implant surgery in order to significantly reduce the risk of implant failure [130].

Initial local infections, that can arise from surgical wounds or contaminated implant surfaces,

offer the opportunity to treat the infection locally without the need for high doses of systemic

antibiotics, reducing the overall used amount of antibiotics and the associated side effects.

Antibacterial or anti-adhesive coatings in particular are suitable for this challenge as they are

locally effective, prevent biofilm formation, can be applied to the implant prior to surgery and

also have the potential to improve host cell attachment to accelerate regeneration if desired.

The project focused on the use of chitosan, a natural antibacterial material, or its derivatives

as inspiration for biocompatible coatings. The coatings were evaluated for their suitability when

applied to polymer surfaces, in particular polyether ether ketone (PEEK), their antimicrobial and

antibiofilm properties and their biocompatibility.

2.3 Glycomimetic Adjuvants: Carbasugar-precursors

as Biofilm Inhibitors and Resensitization Approach

Glycomimetics are another resensitization approach with enormous potential but also chal-

lenges. The underlying idea is that glycomimetics are similar to natural carbohydrates but

with different biological properties, thereby can act as inhibitors or signaling molecules with-

out contributing as a energy source to bacterial growth, as they show enhanced chemical and

enzymatic stability [131]. The variety of substrates that can be mimicked in theory makes it pos-

sible to influence any process in microbes involving carbohydrates, with the distinct advantage

of their chemical and enzymatic stability, allowing effective concentrations to be present over

longer periods. The biggest challenge, however, is that it is difficult to predict the actual mech-

anism of action of the glycomimetic, as it can influence several enzymatic reactions, metabolic

pathways and signaling pathways, so that for applications the effect is often simply determined

experimentally without knowing the exact mechanism. In this project, the effect of synthesized

carbasugar-precursors on human cells and bacteria was evaluated by assessing their cytotoxi-

city, biofilm inhibiting and antimicrobial properties with the aim of applying these molecules as

antibiotic adjuvants appropriate for their effects.
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3.1 Antibiotic Susceptibility Testing (AST)

3.1.1 Direct 3D Printed Biocompatible Microfluidics: Assessment

of Human Mesenchymal Stem Cell Differentiation and

Cytotoxic Drug Screening in a Dynamic Culture System
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Abstract 

Background:  In vivo-mimicking conditions are critical in in vitro cell analysis to obtain clinically relevant results. The 
required conditions, comparable to those prevalent in nature, can be provided by microfluidic dynamic cell cultures. 
Microfluidics can be used to fabricate and test the functionality and biocompatibility of newly developed nanosys‑
tems or to apply micro- and nanoelectromechanical systems embedded in a microfluidic system. However, the use of 
microfluidic systems is often hampered by their accessibility, acquisition cost, or customization, especially for scientists 
whose primary research focus is not microfluidics.

Results:  Here we present a method for 3D printing that can be applied without special prior knowledge and 
sophisticated equipment to produce various ready-to-use microfluidic components with a size of 100 µm. Compared 
to other available methods, 3D printing using fused deposition modeling (FDM) offers several advantages, such as 
time-reduction and avoidance of sophisticated equipment (e.g., photolithography), as well as excellent biocompat‑
ibility and avoidance of toxic, leaching chemicals or post-processing (e.g., stereolithography). We further demonstrate 
the ease of use of the method for two relevant applications: a cytotoxicity screening system and an osteoblastic differ‑
entiation assay. To our knowledge, this is the first time an application including treatment, long-term cell culture and 
analysis on one chip has been demonstrated in a directly 3D-printed microfluidic chip.

Conclusion:  The direct 3D printing method is tested and validated for various microfluidic components that can 
be combined on a chip depending on the specific requirements of the experiment. The ease of use and production 
opens up the potential of microfluidics to a wide range of users, especially in biomedical research. Our demonstra‑
tion of its use as a cytotoxicity screening system and as an assay for osteoblastic differentiation shows the methods 
potential in the development of novel biomedical applications. With the presented method, we aim to disseminate 
microfluidics as a standard method in biomedical research, thus improving the reproducibility and transferability of 
results to clinical applications.

*Correspondence:  dei@hs-furtwangen.de
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Background
The ability of stem cells to differentiate into specialized 
cell types is considered one of the most promising ways 
to replace damaged tissue or even entire organs, and to 
provide effective treatments for numerous diseases [1, 2]. 
However, despite major research efforts in this field over 
the past decades, the application of stem cell therapies 
beyond clinical trials still faces several practical chal-
lenges, including stem cell origin, isolation, expansion, 
stability and efficient protocols for targeted differentia-
tion [3, 4]. The systems investigated are becoming 
increasingly complex, particularly in the fields of system- 
and cell biology, wherein many systems interact and are 
often not fully understood [5–8]. These problems led to 
the development of high-throughput methods as well as 
the software necessary to create, treat and analyze the 
large numbers of test samples [9–11]. Stem cell differen-
tiation is one of these complex processes influenced by a 
variety of extrinsic and intrinsic interactions [12–14]. In 
targeted stem cell differentiation, not only single mole-
cules or mechanisms, but a multitude of extrinsic and 

intrinsic interacting systems are crucial in ultimately 
determining the lineage of differentiation. Microfluidic 
systems help in targeted differentiation, analysis and cul-
tivation of stem cells by creating realistic microenviron-
ments or by improving the predictability of biological 
assays. According to Ertl et al., microfluidic devices offer 
many advantages “to overcome most of the challenges 
associated with stem cell identification, expansion and 
differentiation, with the greatest advantage being that 
lab-on-a-chip technology allows for the precise regula-
tion of culturing conditions, while simultaneously moni-
toring relevant parameters using embedded sensory 
systems” [15]. Microfluidic applications range from the 
production of nanomaterials and chemical reactions to 
biosensors, diagnostic systems and high-throughput 
screening systems [16–22]. The characteristics of a 
microfluidic system with laminar flow and short diffusion 
paths optimize these applications in many aspects, for 
example by enabling users to manipulate liquids in a tar-
geted manner and achieve near-ideal mixing ratios with-
out additional energy input. Microfluidic devices have 
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shown promising results in life sciences, such as 
decreased consumption of expensive and limited materi-
als, or the establishment of manipulable dynamic culture 
systems superior to static cell culture systems [23–26]. 
However, one factor in particular has made these systems 
difficult to obtain for many researchers and therefore 
rarely used: experiments or applications often require 
customized devices, thus hindering standardized com-
mercial manufacturing [27]. Consequently, many applica-
tions are limited by the standardized chips available on 
the market, which are often simply designed to be suita-
ble for as many applications as possible. For more 
demanding applications, users must either have equip-
ment for in-house production or rely on custom-made 
chips [28, 29]. Both options are often costly, thus discour-
aging many users. On-site production is preferable solely 
because it eliminates delivery times, thus allowing for 
immediate adjustments and improvements, particularly 
in prototype production. The current standard proce-
dures for the creation of individualized microfluidic 
devices are indirect casting processes, photolithography 
or e-beam lithography; these labor- and equipment-
intensive methods require extensive manual work [30, 
31]. Soft lithography is another method for producing 
micro- and nanostructures that is more cost-effective 
than photolithography, because it no longer requires a 
clean room. However, the costs still prevent widespread 
use, and the method remains labor intensive [32, 33]. 
Another disadvantage of these techniques is that they can 
only be used to produce 2D chip designs, and even here 
they require experienced personnel, as several layers have 
to be joined manually. Nevertheless, these methods 
remain in use because they have achieved the best accu-
racy to date and have produced structures on the scale of 
several nanometers [30]. In contrast, micropaper-based 
analytical devices (µPADs) are very well suited when high 
accuracy at nanometer and micrometer scale is not 
required. The idea underlying µPADs is to make micro-
fluidic systems ready for mass production of simple and 
rapid diagnostic tests. The low accuracy and the genera-
tion of only 2D chips is sufficient for many applications 
but limits the design of more advanced chips [34]. Given 
the aforementioned methods, the production of complex 
3D microfluidic chips is not a trivial challenge. 3D print-
ing emerged as an alternative method for the production 
of microfluidics. Commercially available 3D printers cur-
rently have sufficient accuracy to print channel widths of 
several hundred micrometers, as a result of intensive 
development in recent decades [35, 36]. Several 3D print-
ing technologies are available, such as inkjet printing 
[37], stereolithography (SLA) [38], digital light processing 
[31] and fused deposition modeling (FDM) [39]. FDM is 
the most widely used 3D printing technology, owing to 

its simplicity: only the polymer filament is needed as a 
resource in the process, in contrast to other printing 
technologies in which the polymers are dissolved in a 
solution or are present as a resin and polymerize in the 
process [35, 40]. FDM 3D printers are popular not only 
because of their ease of use but also because they do not 
require additional substances such as photoinducers, 
which are often toxic and leak from devices over time 
[41]. In addition, a wide range of polymers can be pur-
chased, thereby avoiding limitations in material selection. 
For the production of microfluidic chips by 3D printing, 
two production options are available: indirect production 
[42], in which a negative form is printed for a casting pro-
cess, and direct production, in which the computer-aided 
design (CAD) model is converted directly to the micro-
fluidic chip. Indirect production, as shown by He et  al. 
[43], results in highly transparent and biocompatible 
chips suitable for cell culture and analytical assays. How-
ever, they are limited by two factors: first, the minimum 
component size is determined by the width of the printa-
ble line. Second, the printed negative mold must be stable 
and elastic enough not to be deformed during casting. 
This is particularly challenging for large and complex 3D 
structures connected by small channels. In contrast, 
directly printed chips do not have any stability problems 
of a negative mold, but have lower material transparency 
depending on the manufacturing process, which hampers 
optical measurements and observations. Bressan et  al. 
[44] created a mixture of both fabrication methods by 
inserting a prefabricated transparent window made of 
poly (methyl methacrylate) (PMMA) into a chip printed 
from poly (lactic acid) (PLA). Thus, the problem of trans-
parency was solved, but replaced by a vulnerability at the 
interface of the two materials, leading to leakage. A dif-
ferent approach to achieve the necessary transparency is 
to optimize the printing parameters, as shown for exam-
ple by Tothill et al. for PLA [45]. However, these parame-
ters are material-specific and must therefore be 
investigated once for the respective polymer before appli-
cation. Most previous studies on direct FDM 3D printing 
either show simple applications with only one compo-
nent on a chip and channel sizes in the millifluidic range, 
or focus on the achievable accuracy without showing 
suitability for biological applications [37, 46]. In this 
study, we therefore demonstrate the fabrication of bio-
compatible microfluidic chips with structures of 100 µm 
and smaller using three relevant polymers and that 
experiments from preparation to cell culture and analysis 
can be performed on a single chip by combining multiple 
components. We studied the polymers—PLA, PMMA 
and polycarbonate (PC)—which are frequently used in 
the field of microfluidicsand cover a wide range of appli-
cations with their advantages and characteristics, as 
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listed in Table 1. PLA, for example, is particularly suitable 
for prototype construction or the generation of vascular 
scaffolds [47], owing to its simple handling, good availa-
bility and high accuracy. PMMA, in contrast, has excel-
lent biocompatibility and modifiability with different 
chemical groups [48–50]. The third polymer, PC, has 
high mechanical stability, as well as temperature resist-
ance and chemical stability against acids [51], and is ideal 
for applications with high temperatures up to 140 °C [52]. 
Here, we demonstrated the generation of microfluidic 
chips by using the mentioned polymers, without a need 
for additional support materials. In the device genera-
tion, we used the direct 3D printing principle, as shown 
in Fig.  1, which allowed us to generate ready-to-use 
microfluidic devices from the CAD model with just sev-
eral clicks. In this context, we demonstrate the fabrica-
tion of 3D chip designs and widely used microfluidic 
structures, as well as their application in microfluidic 
cytotoxicity and stem cell differentiation assays. 

Results
Resolution of direct 3D printed microfluidic channels
The direct FDM  3D printing of microfluidic devices is 
influenced by various parameters including the accu-
racy of the printer step motors, the printer head nozzle 

diameter, the environmental temperature and even the 
humidity. In this study, four parameters were optimized 
for each polymer: printing temperature (ϑ), print-
ing speed (v), layer height (h) and fan speed (fan). Each 
parameter is directly involved in the printing process and 
has a significant influence on the obtained dimensions 
of printed structures [37, 69, 70]. It was observed that 
ϑ and v had the strongest effect on the printing results 
(Additional file  1: Fig. S1–S15), while layer height and 
fan speed had a lesser influence. The former (h) showed 
an effect, particularly at low Z-resolution, because the 
structure must be sliced as an integer multiple of the 
layer height. Layer heights of 200 µm resulted in the loss 
of structures below 200  µm in the Z-direction or were 
sliced as if they were 200 µm structures. Very low layer 
heights, such as 25 µm, resulted in good slicing, but the 
printed layers were not uniform because the print head 
smudged the newly applied material. Layers of 100  µm 
provided a good compromise between both effects and 
were therefore used in further printing tests. The opti-
mized parameters for the three tested polymers PLA, 
PMMA and PC are listed in Table  2. By applying the 
listed parameters, channel widths of 100 µm and channel 
heights of 300 µm were reproducibly generated, as shown 
in Fig.  2. The low standard deviations (Fig.  2) obtained 

Table 1  Characteristics and possible applications of poly (lactic acid) (PLA), poly (methyl methacrylate) (PMMA) andpolycarbonate 
(PC) in the generation of microfluidic devices

Polymer Characteristics Possible applications

PLA Advantage:
• Easy to use
• Recyclable
• Transparent
• Low auto-fluorescence [53]
• No absorption of small molecules [53]
Disadvantage:
• Hydroscopic material – swelling in water
• Lactic acid as degradation product
• Can show cytotoxic effects

Prototype design
Organ on-chip [53]
Cell culture [53]
Incorporation of Microelectrodes [54]

PMMA Advantage:
• Transparent
• Biocompatible [48, 49]
• Surface modification [50]
• Heat resistant up to 90 °C [55]
• Impermeable to air [56]
• UV-resistant
• Resistant to many acids, bases, alcohols, oils and fats [57]
Disadvantage:
• Not resistant to many organic solvents

PCR-on-chip [50]
Lab-on-chip [58–60]
DNA/Protein analysis [61, 62]
Electrochemical detection [54, 63]
Colorimetric assays
Assembling of micro and nanoparticles [44, 64]

PC Advantage:
• Transparent
• Heat resistant up to 140 °C [52]
• Acid resistance [51]
• Naturally hydrophilic surface [65]
• Surface modification [66]
Disadvantage:
• Sensitive during printing process: environmental conditions
• Poor adhesion properties during the printing process

Electrochemical detection [54, 67]
Lab-on-chip [60, 67]
PCR-on-chip [65, 68]
Biomedical studies [68]
Droplet generation [65]
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across three different devices indicate good and consist-
ent device to device performance. The polymers PLA 
and PMMA showed the best correlations between the 
CAD model and the obtained channel widths (Additional 
file 1: Fig. S16–S18), with only occasional significant dif-
ferences between them. PC, on the other hand, mostly 
resulted in significantly smaller channels than specified, 
especially for channel widths of 500 µm (X: 400 ± 28 µm; 
Y: 452 ± 22  µm) and 1000  µm (X: 826 ± 22  µm; Y: 

946 ± 35  µm). Printing channels with a width of 50  µm 
was also possible, but they occasionally merged and 
required post-processed manual verification of perme-
ability (Additional file  1: Fig. S13). Therefore, they were 
excluded from the data shown. 

3D microfluidic structures
It is beneficial to perform all steps of an experiment 
(preparation/treatment, cultivation, analysis) on one 
chip in order to achieve additional benefits for biomedi-
cal applications. Therefore, it is preferred to produce 
and combine several components and structures on one 
chip, resulting in customized chip designs. However, the 
production of customized devices is often time-consum-
ing and expensive [71]. Thus, 3D printing enables new 
devices to be designed and adapted in a time-efficient, 
cost-efficient and customized manner. The practicality 
and advantages of 3D printed microfluidic systems was 
demonstrated by creating and testing three microfluidic 
chip designs. The generated chips are shown in Fig.  3. 
First, a chip with two intersecting serpentine channels 

Fig. 1  Workflow for direct 3D printing of a microfluidic chip. 1 CAD model: a CAD model of the device is created. This includes the intended 
channel geometry. 2 Slicing: the CAD model is exported as an STL file and loaded in the slicer software Ultimaker Cura. The software calculates 
the printing movements for each layer on the basis of the entered parameters and saves it in a G-code file. 3 3D printing: the G-code is sent to 
the 3D printer, which prints the device according to the parameters listed in the file. 4 Microfluidic device: the printing process is complete after 
approximately 30–60 min, depending on the device size. The printed microfluidic device is ready to use. Figure created with BioRender.com

Table 2  Optimized printing parameters for the generation of 
microfluidic devices with an Ultimaker 3 FDM 3D printer and 
Ultimaker Cura Slicer Software

Polymer Printing 
temperature 
[°C]

Printing 
speed [mm 
s−1]

Layer 
height 
[mm]

Fan speed [%]

PLA 190 70 0.1 50

PMMA 245 70 0.1 50

PC 240 80 0.1 0
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with a spacing in the Z-direction of 0.2 mm was printed. 
Multiple layers of channels were successfully created 
on top of each other without leakage, separated by only 
two printed polymer layers in between. This design is 
advantageous because several channel structures can be 
stacked on top of each other, reducing the device´s size. 
The second chip generated consisted of two straight 
channels crossing each other with a bridge, demonstrat-
ing the feasibility of printing channels not only in the X- 
and Y-directions, but also in the Z-direction for all three 
polymers tested. This ability facilitates chip planning and 
the connection of channels, which need not be arranged 
next to each other as in 2D chip designs. The third chip 
design (Fig. 3E) shows a 3D spiral structure as an example 
of more complex structures, that are difficult to produce 
using traditional methods. This third chip design was 
printed with PLA, PMMA and PC (only PMMA shown), 
with PC causing channel closure and PLA and PMMA 
showing comparable results.

Microfluidic concentration‑gradient generator
A frequently used component in the preparation/treat-
ment steps of microfluidic experiments are gradient 
generators. The passive mixer shown in Fig. 3F) was 3D 
printed from PLA, PMMA and PC with the parameters in 
Table 2. The absorbance of fluids eluted from test devices 
at outlets 1 to 5 was measured at 490 nm and 640 nm to 
calculate the fluid fraction of fluid 1 and fluid 2 for each 
device separately, as shown in Fig.  3H–J. The devices 
printed from PLA and PMMA showed good correla-
tion between the theoretically expected volume fractions 
and the experimental volume fractions. With a maxi-
mum relative deviation of 9% compared with the theo-
retical value, PMMA showed better correlation than the 
PLA device, with a maximum relative deviation of 15%. 
As observed in the experiments for the achieved reso-
lution, the devices printed from PC appeared to under-
perform, thus resulting in a maximum relative deviation 
of 21% with respect to the theoretically expected values. 
This could particularly observed in outlets 2 and 4, which 
show nearly the same volume fractions as outlets 1 and 5, 
respectively.

Absorbance measurement on chip
Direct measurement of absorbance in the microfluidic 
chip does not require elution, avoiding some of the dis-
advantages of external measurement, such as dilution 
or solubility problems. It also simplifies chip design 
and experimental setup because the entire experiment 
can be performed on one chip. As shown in Fig. 4, the 
transparency of the printed device is suitable to per-
form absorbance measurements with quality compara-
ble to that of commercially available 96-well plates. The 

Fig. 2  Measurement of widths and heights of FDM printed micro 
channels. The printed test objects were compared with the CAD 
model to evaluate the achievable resolutions for poly (lactic acid) 
(PLA), poly (methyl methacrylate) (PMMA) and polycarbonate (PC). A 
CAD model of the test device. Dimensions are in mm. B Resolution 
of channel widths along the X-axis of the 3D printer. Dimensions 
are in µm. C Resolutions of channel width along the Y-axis of the 3D 
printer. Dimensions are in µm. D Resolution of channel height along 
the Z-axis of the 3D printer. Dimensions are in µm. Values are shown 
as mean ± SD of 3 devices, 3 measurements per device. Statistical 
significance was analyzed with Two-way ANOVA and Tukey post-hoc 
test (n s, not significant; *p < 0.05; **p < 0.01; ***p < 0.001)
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Fig. 3  Possible designs of 3D printed microfluidic devices. A CAD models of channel test devices: the left shows two straight channels that cross 
each other with a bridge; the right shows two serpentine channels, one above the other. The distance between channels in the Z-direction is 
0.2 mm. Dimensions are in mm. Test devices (Channels) 3D printed from B poly (lactic acid) (PLA), C poly (methyl methacrylate) (PMMA) and D 
polycarbonate (PC). E Complex 3D spiral structure printed from PMMA. F CAD model of a passive mixer design. Dimensions are in mm. G Mixing 
of two fluids in the designed mixing chip. Simulated with the finite element method (FEM) in Ansys 2020 R1 Academics with a flow of 0.2 ml/
min. Fluid 1 is shown in red, fluid 2 in blue, and 1:1 mixing in green. Test devices (Mixer) 3D printed from H poly (lactic acid) (PLA), I poly (methyl 
methacrylate) (PMMA) and J polycarbonate (PC). Top: pictures of a microfluidic passive mixing devices with a flow of 0.2 ml/min. All Scale bars 
measure 10 mm. Middle: volume fraction of fluid 2 (blue) in outlets compared to theoretical value (gray), analyzed with A640nm measurements. 
Bottom: volume fraction of fluid 1 (red) in outlets compared to theoretical value (gray), analyzed with A490nm measurements. Values are shown as 
mean ± SD of 3 devices

22 3 Results and Discussion



Page 8 of 18Riester et al. Journal of Nanobiotechnology          (2022) 20:540 

slightly higher standard deviation (SD) of the absorb-
ance measurements (Fig.  4E) in the printed chips (SD 
of A640nm;fluid 2, 1:1 to A640nm; PBS: 0.0225; 0.0172; 0.0056; 
0.0095; 0.0014) compared to the 96-well plate (SD of 
A640nm;fluid 2, 1:1 to A640nm;  PBS: 0.0070; 0.0079; 0.0045; 
0.0019; 0.0012) is likely a result of light scattering at 
the line-patterned surface. This line-patterned surface 
topology (Fig.  4C) originates from the manufacturing 
process of FDM 3D printing and can be improved by 
post-treatment, for example with solvents. The trans-
parency of the printed microfluidics is sufficient not 
only to measure absorbances, but also to observe and 
analyze living cells inside the chip with a microscope 
(Fig. 6D).

Biocompatibility of chip material
For application in biomedical test systems, a biocom-
patible, non-leaching and non-toxic material is essen-
tial for the success of the experiment which disqualifies 
most commercially available SLA resins [72, 73]. For 
cell cultures on chip, it is particularly important that 
no cytotoxic effects occur in direct contact with the 
material over a period of several days. Therefore, the 
viability of SaOS-2 osteoblasts and human mesenchy-
mal stem cells (hMSCs) cultured in direct contact with 
FDM 3D-printed discs made of PLA, PMMA, and PC 
was investigated. It was observed that the polymers 
PMMA and PC showed no significant difference in via-
bility to the corresponding cells cultured in tissue cul-
ture wells (Fig.  5) after 24 and 48  h. Furthermore, no 

Fig. 4  Absorbance measurement in a 3D printed microfluidic device. A CAD model of a device with five chambers for direct absorbance 
measurements on chip. B Microfluidic device in a 96-well-plate-adapter for measurement with a plate reader. C Test device 3D printed from poly 
(methyl methacrylate) (PMMA) with a dilution series of dye solution (left to right: 1:1, 1:2, 1:4 and 1:8). Scale bar measures 10 mm. D Absorbance 
spectra of 38.5 µl fluid 2 (same volume as in 3D printed device) in various dilutions (1:1, 1:2, 1:4 and 1:8) in PBS measured in a commercially available 
96-well plate. E Absorbance spectra of fluid 2 at various dilutions (1:1, 1:2, 1:4 and 1:8) in PBS measured in 3D printed test device. Values are shown 
as mean ± SD (shown as area) of 3 devices
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major morphological changes were detected compared 
to cells cultured under standard conditions, as shown 
for the SaOS-2 osteoblasts in Fig. 5B and for the hMSCs 
in Additional file  1: Fig. S19. The viability of both cell 
types (SaOS-2 osteoblasts and hMSCs) decreased sig-
nificantly after being cultured on PLA discs for 24  h. 
This trend continued for the 48-h samples, resulting in 
a 46.2 ± 6.6% decrease in SaOS-2 osteoblast viability 
and a 75.6 ± 6.4% decrease in hMSC viability compared 
with the respective controls.

Drug screening system: microfluidic cytotoxicity assay
As a first relevant application, we demonstrate a vali-
dated cytotoxic screening system that combines a chemi-
cal concentration gradient with cell culture chambers 
and analytics in one chip. Assessment of the half maximal 
growth-inhibitory concentration (GI50) of toxic reagents 
in a microfluidic chip device resulted in higher reproduc-
ibility and accuracy, and less reagent consumption than 
manual assessment. The superiority of direct 3D printed 
microfluidic chips was demonstrated by analyzing the 
GI50 value of the potent cytotoxic drug staurosporine 
(GI50 of 13.6 – 105.6 nmol l−1, depending on the cell line 
[74]) on the cell viability of SaOS-2 osteoblasts (Fig. 6E). 
The calculated GI50 values of 52.96 ± 2.43 nmol l−1 in the 
microfluidic chip and 70.71 ± 4.92 nmol l−1 in the 96-well 
plate confirmed the improved reproducibility and accu-
racy expected from the use of microfluidics for cytotoxic-
ity assays.

Microfluidic ALP activity assay as an early marker 
of osteogenic differentiation
As a second relevant application, we demonstrate a vali-
dated differentiation system for hMSCs. On the basis of 
an alkaline phosphatase (ALP) activity assay, a simple 
microfluidic chip for the cultivation, differentiation and 
analysis of mesenchymal stem cells into their osteogenic 
lineage (Fig.  6) was designed. Different concentrations 
of the osteogenic supplement consisting of ascorbic acid 
(Asc), β glycerophosphate (BGP) and dexamethasone 
(Dex) were tested in the microfluidic device and com-
pared to the results obtained via standard cell culture. 
As shown in Fig.  6F), after 3  days of cultivation, only 
minor yet significant differences in ALP activity (well 
plate, standard cell culture) were observed when cells 
were treated with osteogenic supplement compared with 
standard medium. On day 7, however, the ALP activity 
(well plate, standard cell culture) increased substantially 
in response to the adjusted concentration of osteogenic 

Fig. 5  Biocompatibility of FDM 3D-printed polymer discs made of 
PLA, PMMA and PC was investigated using SaOS-2 osteoblasts and 
hMSC. A The viability of SaOS-2 osteoblasts and hMSC was assessed 
by MTT assay at 24 and 48 h and compared with the untreated 
sample (standard 24-well tissue culture plate). Statistical significance 
was analyzed by Two-way ANOVA and Dunnett’s post hoc test 
compared with the untreated sample (ns, not significant; *p < 0.05; 
**p < 0.01; ***p < 0.001). B Representative microscopic images of FDM 
printed polymer discs cultivated with SaOS-2 osteoblasts for 24 and 
48 h. Images were taken after staining with MTT. Scale bar measures 
500 µm. Images were acquired using an Olympus CKX41 (Olympus, 
Japan) microscope equipped with an Olympus XM10 camera 
(Olympus, Japan) and associated cellSens Standard software (version 
1.9 build 11,514, Olympus, Japan)
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supplement. The highest concentration of osteogenic 
supplement (50  µg  ml−1 Asc, 10  mM BGP and 100  nM 
Dex) resulted in high ALP activity (0.58 U ml−1), whereas 
with decreasing concentration, the ALP activity (0.58; 
0.31; 0.1; 0.03; 0.02 U ml−1) also decreased. For the low-
est tested concentration (12.5 µg ml−1 Asc, 2.5 mM BGP 
and 25 nM Dex) no significant difference with respect to 
standard medium without osteogenic supplement was 
observed. A similar trend was observed for the micro-
fluidic device at day 7, with slightly higher ALP activity 
(0.68; 0.47; 0.13; 0.03; 0.05 U ml−1) than with standard 
cell culture conditions.

Discussion
Using a commercial available FDM 3D printer and 
polymers, we present a method to efficiently manufac-
ture microfluidic chips for biomedical applications. The 
method presented is cost- and labor-efficient, needs lit-
tle prior knowledge, avoids toxic or leaching chemicals, 
allows easy adaptation of the chip to the specific chal-
lenges of the experiment and produces ready-to-use as 
well as long-term biocompatible microfluidics. In addi-
tion, a 3D chip design can be produced, offering new 
possibilities compared to traditional manufacturing 
methods that can only create 2D chip designs.

Fig. 6  Biological applications: microscopy, growth inhibition (GI) assay and ALP activity assay on 3D printed microfluidic devices (PMMA). A 
Schematic experimental setup of the microfluidic chip with periphery. B Photograph of the experimental setup in a humidified incubator. C 
CAD model of a device with five cell culture chambers. D Microscopic images of SaOS-2 osteoblasts and hMSCs cultured in the microfluidic 
(MF) chip for 48 h without additional treatment. Images were taken of native cells and cells stained with 0.1% crystal violet (CV) in PBS. Scale bar 
measures 100 µm. Images were acquired using an Observer.Z1 (Carl Zeiss AG, Germany) microscope and processed using the software ZEN blue 
edition (Version 3.4, Carl Zeiss AG, Germany). E Comparison of the determined GI50 of staurosporine on SaOS-2 cell viability in a 96-well plate (●) 
or microfluidic chip (▲) with 150,000 cells cm−2. Non-linear regression and GI50 were calculated with GraphPad Prism 8. Values are shown as 
mean ± SD; 96-well plate (n = 9), microfluidic (3 devices, n = 3). F Alkaline phosphatase (ALP) activity of human bone marrow mesenchymal stem 
cells exposed to different osteogenic supplement concentrations. Values are shown as mean ± SD; 96-well plate (n = 3), microfluidic (3 devices, 
n = 3). Statistical significance was analyzed with One-way ANOVA and Tukey post-hoc test against standard medium sample (n s, not significant; 
*p < 0.05; **p < 0.01; ***p < 0.001)
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The observed difference between printed test 
objects and the CAD model for the achieved resolu-
tion (Fig. 2) can partially be explained by the accuracy 
of the printer´s step motors, which the manufacturer 
indicates is ± 12.5  µm [75]. In addition, the printing 
process itself can explain the deviation. During the 
printing process, the polymer melts in the print head 
and is extruded through the nozzle. Subsequently, the 
polymer cools and becomes solid again, forming a unit 
with the surrounding material. A short cooling time is 
crucial to achieving high resolution, because as long as 
the polymer is in its fluid state, external forces such as 
gravity or vibrations alter its final position in the object. 
This phenomenon has been observed particularly for 
PC, which requires cooling fan deactivation and a high 
ϑ during the printing process; otherwise the polymer 
leaving the nozzle does not attach to the previously 
printed layer. This problem can be remedied by using 
a closed print chamber with controlled ambient tem-
perature by raising the temperature of the previously 
printed layers [76]. Consequently, the adhesion of the 
subsequent layer is improved and the cooling fan can 
be activated to dissipate the heat emitted by the print-
head. Since we wanted to demonstrate the feasibility of 
producing microfluidic devices using a commercially 
available FDM 3D printer without any customizations, 
we did not test a heated print chamber in this study. 
The effects of this phenomenon can be clearly observed 
in chips made from PC (Fig.  3). The corners of the 
channels were narrower than those in the CAD model, 
and the straight channels between them had a slightly 
oval shape. This had a particularly strong impact on the 
performance of the mixer design, where slight fluctua-
tions in the channel widths decreased or increased the 
hydrodynamic resistance (RH); RH is anti-proportional 
to the circular channel radius (r) and increases with 
channel length (L) and dynamic viscosity (µ), as shown 
in Eq.  1 [77]. Thus, channels with a greater diameter 
show less hydrodynamic resistance, which results in 
higher flow rates (Q) (Eq. 2), since the pressure differ-
ence ( �p ) remains constant. Consequently, fluctuations 
in Q observed at each channel branch ultimately influ-
ence the volume fractions at the chips’ outlets.

As listed in Table 1, the polymers tested have different 
advantages and disadvantages and find different appli-
cations accordingly. It is worth mentioning that PLA 
is hydroscopic and the dimensions of the channels may 
change over time due to swelling when used in contact 

(1)RH =

8µL

πr4

(2)�p = Q ∗ RH

with water. Especially at very low flow rates, such as in 
a long-term cell culture, the change in channel dimen-
sions or the lactic acid released by the degradation can 
have a negative effect on the experiment. Furthermore, 
swelling itself can also lead to differences between the 
effective concentration (ceff) and the set concentrations 
(cset). For this reason, we would recommend PLA for 
the development of “quick and dirty” prototypes or for 
experiments with a short duration, since the printing 
properties are excellent and the effects mentioned above 
are mainly seen in longer experiments. In longer experi-
ments, PMMA would be more suitable as a chip mate-
rial, as it does not have the problems mentioned for PLA, 
but at the same time has very good printing properties 
and biocompatibility. With PC, on the other hand, the 
inaccuracy during the printing process must be taken 
into account if a heatable printing chamber is not avail-
able. Nevertheless, PC is recommended for experiments 
requiring higher temperatures than 90  °C, such as PCR 
applications, especially if the chip has only one channel, 
as it is form-stable even at temperatures up to 140 °C. It 
should also be mentioned that when solvents are used, 
care should be taken to ensure that they do not attack the 
polymer in question.

Additionally, our observations confirm the advan-
tages of FDM 3D printing for biomedical applications, 
substantially by a wide range of commercially available 
long-term biocompatible materials. Zhu et al. [78] tested 
several materials printed with FDM, Multi-Jet Modelling, 
and SLA and observed high toxicity for several species, 
except for the samples printed with FDM. This was one 
of the reasons why we decided against SLA 3D print-
ing and in favor of FDM 3D printing, despite the better 
resolution of SLA [79]. The biocompatibility of PMMA 
and PC, as reported in the literature [48, 49, 80], can be 
confirmed by the results obtained in this study. In con-
trast, more ambivalent findings are described in the lit-
erature for PLA. For example, Li et al. [81] and Silva et al. 
[82] observed good biocompatibility, while Lee et al. [80] 
reported inflammatory responses to PLA scaffolds and 
Majidi et al. [83] observed a reduction in viability of L929 
fibroblast cells by almost 50% after 72  h, although they 
attributed this to reduced cell attachment and not a toxic 
effect. In agreement with the results of Majidi et al., we 
observed a decrease in cell viability for PLA, which can 
also be attributed to either decreased cell adhesion or a 
toxic effect. In any case, the tested PLA is not suitable for 
use in microfluidic devices with biological applications 
without further treatment. The PLA used is of technical 
grade and contains different additives depending on the 
manufacturer, so it may vary from manufacturer to man-
ufacturer. This shows that it is necessary and useful to 
test polymers for cytotoxicity before their application in 
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biological systems, thus avoiding side effects or mislead-
ing results.

Based on the properties (print resolution, optical 
transparency, and biocompatibility) of the polymers 
tested, we selected PMMA as the polymer of choice for 
the subsequent microfluidic devices with biomedical 
applications. We observed better performance for the 
microfluidic chips than the 96-well plate experiments, 
both for the cytotoxic screening system and the osteo-
genic differentiation system. The observed lower GI50 
for the microfluidic cytotoxic screening system com-
pared with the 96-well plate could be due to two effects: 
first, the concentration settings in the microfluidic chip 
might have been more accurate than manual pipetting, 
and consequently, the lower scatter in the measurement 
data decreased the likelihood of statistical outliers being 
included in the calculation. Second, the dynamic cultiva-
tion in the microfluidic system might have ensured con-
stant and uniformly distributed concentrations in the 
cultivation chambers, such that cset corresponded to ceff 
within the cells. In contrast, lower concentrations might 
have occurred locally in the static system of a 96-well 
plate, thus resulting in a lower ceff. Another advantage of 
the microfluidic system is its faster preparation time, par-
ticularly when the same assay is performed several times, 
for example, in a routine analysis or a high-throughput 
experiment.

The better performance of the microfluidic assay for 
osteogenic differentiation was reflected in increased ALP 
activity and demonstrated the importance of in  vivo-
mimicking conditions. This might have been a result of 
synergistic effects of the shear stress, which is constantly 
present in the dynamic culture system of the microfluidic 
device [84] and is known to have a positive effect on oste-
ogenic differentiation of mesenchymal stem cells [85–
88]. With this simple microfluidic chip, the osteogenic 
effect of supplements at different concentrations was 
successfully confirmed after 7  days of cultivation with-
out the need for extensive manual work. Furthermore, 
the chip in combination with the ALP activity assay could 
be used to analyze the osteogenic effects of several other 
chemicals or could be combined with other colorimetric 
assays or fluorescent probes to analyze different cellular 
functions. Both applications can be further improved by 
adding additional chambers to the chip design, which can 
reduce concentration intervals or cover a wider concen-
tration range. In addition, testing combinations of several 
compounds should be possible by creating a 3D gradi-
ent generator that can accommodate four or even more 
inlets.

Conclusions
In summary, microfluidic methods offer many advantages 
over current standard methods, especially in dynamic 
cell culture systems, but are partially limited in their bio-
compatibility, availability and adaptability. To provide 
a solution to this problem, we present the use of a con-
ventional, unmodified 3D printer for the cost-efficient 
and rapid production of customizable and biocompatible 
microfluidic chips. We demonstrated the suitability of 3D 
printing for reproducible production of 100 µm channel 
structures for 2D and 3D chip structures and layouts. In 
addition, we demonstrated the applicability and superior-
ity of self-printed microfluidic chips in cell culture, both 
in assessing cytotoxicity, and in inducing and analyzing 
stem cell differentiation in dynamic culture systems. The 
chips presented have the advantages that all steps of an 
experiment (preparation/treatment, cultivation, analysis) 
are performed on one chip and can be easily adapted to 
the specific challenges of the experimental design. This 
can be realized, for example, by increasing the number 
of cell culture chambers for higher data density, inte-
grating sensor systems into the chip design, adding new 
inlets for feeding additional chemicals, or using a differ-
ent chip material for surface modification or temperature 
optimization.

Materials and methods
Chips were printed with an Ultimaker 3 (Ultimaker, 
Netherlands) FDM 3D printer with a 0.4  mm nozzle 
head using 2.85  mm polymer filaments purchased from 
filamentworld.com (Germany). Polymers were purchased 
in transparent forms: PLA-transparent (PLA300XCLR), 
PMMA-transparent (PMM300XCLR) and PC-transpar-
ent (PCA300XCLR). To validate and apply the created 
microfluidic devices, we used a Legato 111 (KD Scien-
tific, United States of America) syringe pump. The test 
fluids were a mixture of water and food coloring (Ruf, 
Germany) purchased from a local store. Blue solution 
(fluid 2) was adjusted to an A640nm of 1, and red solution 
(fluid 1) was adjusted to match the viscosity of the blue 
solution, thus resulting in an A490nm of 0.45. Absorbance 
measurements were performed with a TECAN infinite 
M200 PRO (TECAN, Switzerland) plate reader. SaOS-2 
human osteogenic sarcoma cells (ACC 243, DSMZ) were 
cultured in McCoy’s 5A medium supplemented with 10% 
fetal calf serum, penicillin at 100 U ml−1 and streptomy-
cin at 100  U  ml−1. Human bone marrow derived mes-
enchymal stem cells (hMSC) were cultured in stem cell 
expansion medium SCM015 supplemented with penicil-
lin at 100 U ml−1 and streptomycin at 100 U ml−1. Chem-
icals and cell culture media were purchased from Sigma 
Aldrich, Germany, unless stated otherwise.
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Fabrication of devices
An overview of the manufacturing process of micro-
fluidic chips with a 3D printer is shown in Fig.  1. First, 
a CAD model was created in Autodesk Fusion 360 
(Autodesk, USA). The model included the structures 
contained in the finished chip, such as channel struc-
tures, reaction chambers and tube connections. Then the 
CAD model was exported as an STL file and uploaded 
to the open source slicer software Cura (Version 4.6.1, 
Ultimaker, Netherlands). In this step, users can change 
various parameters affecting the printing process. By 
adjusting these parameters to the polymer used or the 
structures to be printed, the printing results can be 
improved. After the CAD model is sliced according to the 
entered parameters, the software saves the information 
in a G-code file that is sent to the 3D printer. After 30 
to 60 min, depending on the chip size, the printing pro-
cess is complete, and the device can be removed from the 
print bed. It can be used immediately or further modified 
for complex applications. The Cura files with the adjusted 
slicing parameters for the three listed polymers are pro-
vided in the Additional file 2.

Resolution assessment of direct 3D printed microfluidic 
channels
Test specimens with channels in the X-, Y- and Z-direc-
tions were printed to study the influence of different 
parameters on the print resolution. The parameters ana-
lyzed were printing temperature (ϑ), printing speed (v), 
layer height (h) and fan speed (fan). Images of the chan-
nels in the X-, Y- and Z-directions were taken from the 
printed test device by using an Olympus CKX41 (Olym-
pus, Japan) microscope with a mounted Olympus XM10 
camera (Olympus, Japan) and the associated software 
cellSens Standard (Version 1.9 Build 11,514, Olympus, 
Japan). Subsequently, the achieved channel widths and 
heights were calculated with imageJ (Version 1.52a, 
National Institutes of Health, USA) and compared with 
the given values of the CAD model. In addition, a visual 
inspection was performed after injection of liquid into 
the channels to ensure that they were not blocked.

3D microfluidic structures
Microfluidic devices were fabricated for each of the three 
polymers (PLA, PMMA and PC). Chips were tested for 
leakage and functionality by injection of test liquids. 
Several chip components were generated, which can 
be arranged and combined on a chip depending on the 
application. Three chips were designed, containing struc-
tures of varying complexity. The first was a chip with 
two intersecting serpentine channels with a spacing in 
the Z-direction of 0.2  mm. This chip demonstrated the 
printability of multiple structures on top of each other in 
one device without leakage. The second was a chip with 
two straight channels crossing each other with a bridge, 
which demonstrated the generation of channels not only 
in the X- and Y-directions, but also in the Z-direction. 
The third was a chip containing spirals of different diam-
eters and cross-section geometries, which are represent-
ative of the implementation of complex 3D structures in 
the chip design.

Microfluidic gradient generator
Microfluidic mixer components are used in many micro-
fluidic chips. These structures are primarily used to mix 
multiple liquid streams but can also be used to create a 
concentration gradient across different liquid streams 
with the correct arrangement of microfluidic channels. 
The gradient generator chip that we fabricated included 
two inlets, five outlets and all channels of the same sizes, 
thus resulting in the theoretical volume fractions listed 
in Table 3. The theoretical fluid compositions at the out-
lets were verified by injecting two solutions, red solution 
(fluid 1) and blue solution (fluid 2), into the microflu-
idic devices with a Legato 111 (KD Scientific, Germany) 
syringe pump. Each inlet was adjusted to a flow of 
0.2 ml  min −1. After equilibrium was reached, images of 
the chip were collected, and the outlets were emptied. 
A 100 µl volume of each of the fluids collected from the 
outlets was transferred to a 96-well plate, and the absorb-
ance at 640 nm and 490 nm was measured with a plate 
reader. The proportion of blue and red fluid was calcu-
lated according to a linear calibration curve.

Table 3  Theoretical volume fractions of fluids entering or leaving the passive microfluidic mixer

a red solution (fluid 1)
b blue solution (fluid 2)

Inlet 1 Inlet 2 Outlet 1 Outlet 2 Outlet 3 Outlet 4 Outlet 5

Theoretical volume frac‑
tion of fluid 1 (φfluid1)a

1 0 1 0.75 0.5 0.25 0

Theoretical volume frac‑
tion of fluid 2 (φfluid2)b

0 1 0 0.25 0.5 0.75 1
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Absorbance measurement on chip
A microfluidic chip with five round chambers (diam-
eter = 7 mm, height = 1 mm) was generated. The 96-well 
plate format was chosen to allow the chip to be meas-
ured in a standard plate reader. For this purpose, the chip 
was plugged into a 3D printed adapter and measured 
analogously to a conventional 96-well plate. First, every 
chamber was filled with PBS, and the absorbance spectra 
were measured as the offset value. Afterward, PBS was 
replaced by a dilution series of test solutions (1:1, 1:2, 1:4 
and 1:8 of fluid 2 in PBS). The absorbance spectra were 
measured and compared with the absorbance spectra in a 
conventional 96-well plate.

Biocompatibility of chip material
Biocompatibility analyses were performed with SaOS-2 
human osteogenic sarcoma cells and hMSC in direct con-
tact with the polymers PLA, PMMA and PC. 3D-printed 
polymer discs (r = 6.5  mm, h = 0.2  mm) were seeded 
with 50,000 cells each and cell viability was assessed after 
24 and 48  h by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay. Briefly, polymer 
discs were placed in a 24-well plate and a cell suspension 
containing 5 × 106 cells ml−1 was prepared (hMSCs were 
used at passage 2). 10 µl of the cell suspension was dis-
persed on the polymer discs and incubated at 37 °C and 
5% CO2. After 30  min, 50  µl of medium was carefully 
added to prevent drying, and after another 3.5 h, 500 µl 
of medium was added. The medium was replaced by 
500 µl MTT solution (MTT at 1 mg ml−1 in medium) at 
cultivation times of 24 or 48  h and samples were incu-
bated for 2  h. Afterwards, polymer discs were washed 
2  times with 500  µl PBS and transferred to a new well. 
Formazan crystals were dissolved by adding 500  µl of 
DMSO and quantified in triplicate á 100 µl at 570 nm in 
a plate reader. Cell viability was calculated as the ratio of 
absorbance between cells cultured on polymer discs and 
cells cultured in a tissue culture well.

Microfluidic cytotoxicity assay
SaOS-2 human osteogenic sarcoma cells were used to 
determine the half maximal growth-inhibitory concen-
tration (GI50) of staurosporine (APExBIO Technology 
LLC, USA). Cells were seeded on the microfluidic chip at 
a density of 150,000  cells  cm−2 after the chip had been 
filled with sterile PBS. The seeding process was per-
formed as follows: the cell chamber was filled with cell 
suspension via the chip outlet using a pipette. The filling 
was stopped as soon as the cell chamber was completely 
filled to ensure that no cells adhered in the channels of 
the upstream. The fill level was visually determined by the 
color difference between cell suspension (red) and sterile 

PBS (transparent). Before treatment with staurosporine 
at 0, 25, 50, 75 and 100  nmol  l−1, cells were allowed to 
attach to the cell culture chambers for 4  h. Excess cells 
adhering in the downstream channels are partially 
flushed out of the system by the applied flow of the 
experiment. Treatment was performed with a flow rate 
of 0.008 ml  h−1 per cell culture chamber by injection of 
culture medium (inlet 1; 0.02 ml h−1) and staurosporine 
at 100 nmol l−1 in culture medium (inlet 2; 0.02 ml h−1). 
In addition, SaOS-2 cells (150,000  cells  cm-2) were 
treated with 100  µl medium supplemented with stauro-
sporine at 0, 1, 5, 10, 25, 50, 75, 100, 500, 1,000, 5,000 and 
10,000 nmol l−1 in 96-well culture plates by manual pipet-
ting. Afterwards, the cells were incubated in a humidified 
incubator at 37 °C and 5% CO2 for 24 h before cell viabil-
ity was assessed with MTT assay. First, the medium was 
replaced with 100 µl MTT solution (MTT at 1 mg ml−1 in 
medium) and incubated for 2 h. Subsequently, the MTT 
solution was removed, and 100  µl 10  (w/v)% sodium 
dodecyl sulfate in phosphate-buffered saline (PBS) was 
added and incubated for another 4 h. The absorbance was 
measured at 570 nm directly in the chip and the 96-well 
plate by using a plate reader. Cell viability was calculated 
as the ratio of absorbance between the samples with 
and without staurosporine treatment. MTT assays were 
repeated three times, each time with a new device, and 
the GI50 value was calculated with GraphPad Prism 8 
(GraphPad Software, USA).

Microfluidic ALP activity assay as an early marker 
of osteogenic differentiation
Alkaline phosphatase (ALP) activity was assessed in a 
microfluidic chip as an early marker of the osteogenic 
differentiation of hMSCs. Cells were cultured in stem cell 
expansion medium SCM015 (Sigma Aldrich, Germany) 
supplemented with penicillin at 100 U  ml−1, streptomy-
cin at 100  U  ml−1 and different concentrations of oste-
ogenic supplement (Asc, BGP and Dex) that has been 
shown in the literature to induce osteogenic differentia-
tion [89, 90]. At passage three, hMSCs were seeded at a 
density of 150,000 cells  cm−2 in the microfluidic chip as 
well as in a 96-well culture plate, as previously described, 
and treated with osteogenic supplement for 7  days in a 
humidified incubator at 37  °C and 5%  CO2. Dilution of 
the osteogenic supplement stock (Asc at 500  µg  ml−1 
(Carl  Roth,  Germany), BGP at 100  mmol  l−1 (Carl 
Roth, Germany) and Dex at 1  µmol  l−1) was performed 
in medium, thus resulting in 10, 7.5, 5 and 2.5 (v/v)% 
stock concentrations for the 96-well plate. SCM015 
without osteogenic supplement was used as a control. 
The microfluidic chip was injected with SCM015 and 
10 (v/v)% stock concentrations, each at one inlet, thus 
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resulting in theoretical concentrations of 10, 7.5, 5, 2.5 
and 0 (v/v)% stock concentrations in the cell chambers. 
ALP activity was assessed with an Alkaline Phosphatase 
Diethanolamine Activity Kit (AP0100, Sigma Aldrich, 
Germany) according to the manufacturer’s instructions 
with modifications. Briefly, after cultivation, the medium 
was replaced with 100 µl reaction solution consisting of 
98  µl reaction buffer (included in the kit) with 1(v/v)% 
Triton X-100 and 2 µl 0.67 mol  l−1 p-nitrophenyl phos-
phate (included in the kit). The absorbance was measured 
every 30 s for 300 s at 405 nm directly in the chip or the 
96-well plate with a plate reader. The average linear rate 
(A405nm  min−1) was used to calculate the ALP activity 
according to a calibration curve.

Numeric simulation of fluidic behavior in microfluidic chips
Numeric simulation was performed with the finite ele-
ment method (FEM) to verify the observed mixing ratios 
in the designed microfluidic chips. For this purpose, a 
system consisting of two phases of water was defined. 
Boundary conditions for the inlets were set according 
to the experiments. The outlet boundary condition was 
set to a pressure outlet with a gauge pressure of 0 Pa. The 
simulation was performed with ANSYS 2020 R1 Aca-
demic (ANSYS Inc., United States of America) by using 
the simplec algorithm. The volume fractions of both 
phases were calculated and displayed along the longitu-
dinal section.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12951-​022-​01737-7.

 Additional file 1: Figure S1. Obtained dimensions of the 3D printed poly 
(lactic acid) (PLA) test device for various printing temperatures. Remaining 
parameters were kept constant at v = 30 mm/s, h = 50 µm and fan = 
100%. Results are shown for the X-, Y- and Z-axis separately. Values shown 
as mean ± standard deviation of 3 devices. Figure S2. Obtained dimen‑
sions of the 3D printed poly (methyl methacrylate) (PMMA) test device for 
various printing temperatures. Remaining parameters were kept constant 
at v = 50 mm/s, h = 100 µm and fan = 50%. Results are shown for the X-, 
Y- and Z-axis separately. Values shown as mean ± standard deviation of 3 
devices. Figure S3. Obtained dimensions of the 3D printed polycarbonate 
(PC) test device for various printing temperatures. Remaining parameters 
were kept constant at v = 50 mm/s, h = 100 µm and fan = 0%. Results 
are shown for the X-, Y- and Z-axis separately. Values shown as mean ± 
standard deviation of 3 devices. Figure S4. Obtained dimensions of the 
3D printed poly (lactic acid) (PLA) test device for various printing speeds. 
Remaining parameters were kept constant at ϑ = 190 °C, h = 50 µm and 
fan = 100%. Results are shown for the X-, Y- and Z-axis separately. Values 
shown as mean ± standard deviation of 3 devices. Figure S5. Obtained 
dimensions of the 3D printed poly (methyl methacrylate) (PMMA) test 
device for various printing speeds. Remaining parameters were kept con‑
stant at ϑ = 245 °C, h = 100 µm and fan = 50%. Results are shown for the 
X-, Y- and Z-axis separately. Values shown as mean ± standard deviation of 
3 devices. Figure S6. Obtained dimensions of the 3D printed polycarbon‑
ate (PC) test device for various printing speeds. Remaining parameters 
were kept constant at ϑ = 240 °C, h = 100 µm and fan = 0%. Results 
are shown for the X-, Y- and Z-axis separately Values shown as mean ± 
standard deviation of 3 devices. Figure S7. Obtained dimensions of the 

3D printed poly (lactic acid) (PLA) test device for various layer heights. 
Remaining parameters were kept constant at ϑ = 190 °C, v =70mm/sand 
fan = 100%. Results are shown for the X-, Y- and Z-axis separately. Values 
shown as mean ± standard deviation of 3 devices. Figure S8. Obtained 
dimensions of the 3D printed poly (methyl methacrylate) (PMMA) test 
device for various layer heights. Remaining parameters were kept constant 
at ϑ = 245 °C, v = 70 mm/s and fan = 50%. Results are shown for the X-, 
Y- and Z-axis separately. Values shown as mean ± standard deviation of 3 
devices. Figure S9. Obtained dimensions of the 3D printed polycarbonate 
(PC) test device for various layer heights. Remaining parameters were kept 
constant at ϑ = 240 °C, v = 80 mm/s and fan = 0%. Results are shown for 
the X-, Y- and Z-axis separately. Values shown as mean ± standard devia‑
tion of 3 devices. Figure S10. Obtained dimensions of the 3D printed poly 
(lactic acid) (PLA) test device for various fan speeds. Remaining parameters 
were kept constant at ϑ = 190 °C, v = 70 mm/s and h = 100 µm. Results 
are shown for the X-, Y- and Z-axis separately. Values shown as mean ± 
standard deviation of 3 devices. Figure S11. Obtained dimensions of the 
3D printed poly (methyl methacrylate) (PMMA) test device for various 
fan speeds. Remaining parameters were kept constant at ϑ = 245 °C, v 
= 70 mm/s and h = 100 µm. Results are shown for the X-, Y- and Z-axis 
separately Values shown as mean ± standard deviation of 3 devices. Fig‑
ure S12. Obtained dimensions of the 3D printed polycarbonate (PC) test 
device for various fan speeds. Remaining parameters were kept constant 
at ϑ = 240 °C, v = 80 mm/s and h = 100 µm. Results are shown for the X-, 
Y- and Z-axis separately. Values shown as mean ± standard deviation of 3 
devices. Figure S13. Representative microscopic images of FDM printed 
micro channels in a poly (lactic acid) (PLA) test device. Analysis performed 
with “imageJ” (Version 1.52a, National Institutes of Health, USA). Scale bar 
measures 200 µm. Figure S14. Representative microscopic images of 
FDM printed micro channels in a poly (methyl methacrylate) (PMMA) test 
device. Analysis performed with “imageJ” (Version 1.52a, National Institutes 
of Health, USA). Scale bar measures 200 µm. Figure S15. Representative 
microscopic images of FDM printed micro channels in a PC test device. 
Analysis performed with “imageJ” (Version 1.52a, National Institutes of 
Health, USA). Scale bar measures 200 µm. Figure S16. Relative deviation 
between experimental dimensions and CAD dimensions in X-direction. 
Figure S17. Relative deviation between experimental dimensions and 
CAD dimensions in X-direction. Figure S18. Relative deviation between 
experimental dimensions and CAD dimensions in X-direction. Figure S19. 
Representative microscopic images of FDM printed polymer discs culti‑
vated with human mesenchymal stem cells (hMSC) for 24 and 48 hours. 
Viability of hMSC cultivated on PLA, PMMA and PC discs was analyzed 
with MTT assay and compared to untreated hMSCs cultivated in a stand‑
ard tissue culture 24-well plate. Images were taken after staining with MTT. 
Scale bar measures 500 µm.

Additional file 2. PLA.curaprofile contains the optimized slicing parame‑
ters for the polymer PLA, which can be imported into the slicing program 
Cura. PMMA.curaprofile contains the optimized slicing parameters for the 
polymer PMMA, which can be imported into the slicing program Cura. 
PC.curaprofile contains the optimized slicing parameters for the polymer 
PC, which can be imported into the slicing program Cura.

Acknowledgements
The authors thank Lars Kaiser for support and helpful advice, as well as K. R. 
and Maxim for their encouragement and D. S. B. for continual input.

Author contributions
Conzeptualization: HPD; data curation: OR; formal analysis: OR; funding acqui‑
sition: HPD; investigation: OR; methodology: OR; resources: HPD, SL; supervi‑
sion: HPD, SL; visualization: OR; writing—original draft: OR; writing—review 
and editing: HPD, SL, OR. All authors read and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. The authors 
are grateful for funding of this work provided by the project “TriMaBone–
Trinationale Forschungsinitiative: 3D-Druck Materialien für resorbierbare 
Knochen-implantate” (Europäischer Fonds für regionale Entwicklung—EFRE) 
in the program “Interreg VOberrhein” (ref: 5115/3.17) and for partial support by 
“CoHMed MS-Tox Test” (FKZ:13FH5E01IA; BMBF) and WMP (FKZ: 13FH197PX; 

30 3 Results and Discussion



Page 16 of 18Riester et al. Journal of Nanobiotechnology          (2022) 20:540 

BMBF). We acknowledge support for the Article Processing Charge from the 
DFG (German Research Foundation, 491454339).

 Availability of data and materials
All data generated or analysed during this study are included in this published 
article [and its Additional information files].

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Institute of Precision Medicine, Furtwangen University, Jakob‑Kienzle‑Strasse 
17, 78054 Villingen‑Schwenningen, Germany. 2 Institute of Pharmaceutical Sci‑
ences, Department of Pharmacy and Biochemistry, Eberhard-Karls-University 
Tuebingen, Auf Der Morgenstelle 8, 72076 Tübingen, Germany. 3 Tuebingen 
Center for Academic Drug Discovery & Development (TüCAD2), 72076 Tübin‑
gen, Germany. 4 Faculty of Science, Eberhard-Karls-University Tuebingen, Auf 
Der Morgenstelle 8, 72076 Tübingen, Germany. 5 EXIM Department, Fraunhofer 
Institute IZI (Leipzig), Schillingallee 68, 18057 Rostock, Germany. 

Received: 22 March 2022   Accepted: 2 December 2022

References
	1.	 Leberfinger AN, Ravnic DJ, Dhawan A, Ozbolat IT. Concise review: 

bioprinting of stem cells for transplantable tissue fabrication. Stem Cells 
Transl Med. 2017;6:1940–8. https://​doi.​org/​10.​1002/​sctm.​17-​0148.

	2.	 Yamanaka S. Pluripotent stem cell-based cell therapy—promise and chal‑
lenges. Cell Stem Cell. 2020;27:523–31.

	3.	 Aly RM. Current state of stem cell-based therapies: an overview. Stem Cell 
Investig. 2020;7:8–8.

	4.	 Saha K, Jaenisch R. Technical Challenges in Using Human Induced Pluri‑
potent Stem Cells to Model Disease. Cell Stem Cell. 2009;5:584–95.

	5.	 Hartwell LH, Hopfield JJ, Leibler S, Murray AW. From molecular to modular 
cell biology. Nature. 1999;402:C47-52.

	6.	 Lauffenburger DA. Cell signaling pathways as control modules: complex‑
ity for simplicity? Proc Natl Acad Sci. 2000;97:5031–3. https://​doi.​org/​10.​
1073/​pnas.​97.​10.​5031.

	7.	 Zeng Z, Miao N, Sun T. Revealing cellular and molecular complexity of the 
central nervous system using single cell sequencing. Stem Cell Res Ther. 
2018;9:234. https://​doi.​org/​10.​1186/​s13287-​018-​0985-z.

	8.	 Kakkar A, Traverso G, Farokhzad OC, Weissleder R, Langer R. Evolution of 
macromolecular complexity in drug delivery systems. Nat Rev Chem. 
2017;1:0063.

	9.	 Hook AL, Anderson DG, Langer R, Williams P, Davies MC, Alexander MR. 
High throughput methods applied in biomaterial development and 
discovery. Biomaterials. 2010;31:187–98. https://​doi.​org/​10.​1016/j.​bioma​
teria​ls.​2009.​09.​037.

	10.	 Kim HD, Lee EA, Choi YH, An YH, Koh RH, Kim SL, et al. High through‑
put approaches for controlled stem cell differentiation. Acta Biomater. 
2016;34:21–9.

	11.	 Fernandes TG, Diogo MM, Clark DS, Dordick JS, Cabral JMS. High-
throughput cellular microarray platforms: applications in drug discovery, 
toxicology and stem cell research. Trends Biotechnol. 2009;27:342–9.

	12.	 Park JW, Fu S, Huang B, Xu R-H. Alternative splicing in mesenchymal stem 
cell differentiation. Stem Cells. 2020. https://​doi.​org/​10.​1002/​stem.​3248.

	13.	 Xia P, Wang X, Qu Y, Lin Q, Cheng K, Gao M, et al. TGF-β1-induced 
chondrogenesis of bone marrow mesenchymal stem cells is promoted 
by low-intensity pulsed ultrasound through the integrin-mTOR signaling 

pathway. Stem Cell Res Ther. 2017;8:281. https://​doi.​org/​10.​1186/​
s13287-​017-​0733-9.

	14.	 George S, Hamblin MR, Abrahamse H. Differentiation of mesenchymal 
stem cells to neuroglia: in the context of cell signalling. Stem Cell Rev 
Rep. 2019;15:814–26. https://​doi.​org/​10.​1007/​s12015-​019-​09917-z.

	15.	 Ertl P, Sticker D, Charwat V, Kasper C, Lepperdinger G. Lab-on-a-chip 
technologies for stem cell analysis. Trends Biotechnol. 2014;32:245–53.

	16.	 Song Y, Hormes J, Kumar CSSR. Microfluidic synthesis of nanomaterials. 
Small. 2008;4:698–711. https://​doi.​org/​10.​1002/​smll.​20070​1029.

	17.	 Zhao X, Bian F, Sun L, Cai L, Li L, Zhao Y. Microfluidic generation of nano‑
materials for biomedical applications. Small. 2020;16:1–19.

	18.	 Elvira KS, i Solvas XC, Wootton RCR, DeMello AJ. The past, present and 
potential for microfluidic reactor technology in chemical synthesis. Nat 
Chem. 2013;5:905–15.

	19.	 Liao Z, Wang J, Zhang P, Zhang Y, Miao Y, Gao S, et al. Recent advances in 
microfluidic chip integrated electronic biosensors for multiplexed detec‑
tion. Biosens Bioelectron. 2018;121:272–80.

	20.	 Padash M, Enz C, Carrara S. Microfluidics by additive manufacturing for 
wearable biosensors: a review. Sensors. 2020;20:4236.

	21.	 Yang K, Park HJ, Han S, Lee J, Ko E, Kim J, et al. Recapitulation of in vivo-
like paracrine signals of human mesenchymal stem cells for functional 
neuronal differentiation of human neural stem cells in a 3D microfluidic 
system. Biomaterials. 2015;63:177–88. https://​doi.​org/​10.​1016/j.​bioma​
teria​ls.​2015.​06.​011.

	22.	 Du G, Fang Q, den Toonder JMJ. Microfluidics for cell-based high through‑
put screening platforms-A review. Anal Chim Acta. 2016;903:36–50. 
https://​doi.​org/​10.​1016/j.​aca.​2015.​11.​023.

	23.	 Giridharan V, Yun Y, Hajdu P, Conforti L, Collins B, Jang Y, et al. Microfluidic 
platforms for evaluation of nanobiomaterials: A review. J Nanomater. 
2012;2012:14.

	24.	 Lee JM, Zhang M, Yeong W. Characterization and evaluation of 3D 
printed microfluidic chip for cell processing. Microfluid Nanofluidics. 
2016;20:1–15.

	25.	 Hayes CJ, Dalton TM. Microfluidic droplet-based PCR instrumentation 
for high-throughput gene expression profiling and biomarker discovery. 
Biomol Detect Quantif. 2015;4:22–32. https://​doi.​org/​10.​1016/j.​bdq.​2015.​
04.​003.

	26.	 Bellmann J, Goswami RY, Girardo S, Rein N, Hosseinzadeh Z, Hicks MR, 
et al. A customizable microfluidic platform for medium-throughput mod‑
eling of neuromuscular circuits. Biomaterials. 2019;225:119537. https://​
doi.​org/​10.​1016/j.​bioma​teria​ls.​2019.​119537.

	27.	 Ko E, Tran V-K, Son SE, Hur W, Choi H, Seong GH. Characterization of Au@
PtNP/GO nanozyme and its application to electrochemical microfluidic 
devices for quantification of hydrogen peroxide. Sensors Actuators B 
Chem. 2019;294:166–76.

	28.	 Naskar S, Kumaran V, Markandeya YS, Mehta B, Basu B. Neurogenesis-on-
Chip: Electric field modulated transdifferentiation of human mesenchy‑
mal stem cell and mouse muscle precursor cell coculture. Biomaterials. 
2020;226:119522. https://​doi.​org/​10.​1016/j.​bioma​teria​ls.​2019.​119522.

	29.	 Gutierrez E, Groisman A. Quantitative measurements of the strength of 
adhesion of human neutrophils to a substratum in a microfluidic device. 
Anal Chem. 2007;79:2249–58. https://​doi.​org/​10.​1021/​ac061​703n.

	30.	 Qin D, Xia Y, Whitesides GM. Soft lithography for micro- and nanoscale 
patterning. Nat Protoc. 2010;5:491–502.

	31.	 Mohamed MGA, Kumar H, Wang Z, Martin N, Mills B, Kim K. Rapid and 
inexpensive fabrication of multi-depth microfluidic device using high-
resolution LCD stereolithographic 3D printing. J Manuf Mater Process. 
2019;3:1–11.

	32.	 Mukherjee P, Nebuloni F, Gao H, Zhou J, Papautsky I. Rapid prototyping of 
soft lithography masters for microfluidic devices using dry film photore‑
sist in a non-cleanroom setting. Micromachines. 2019;10:192.

	33.	 Iwai K, Shih KC, Lin X, Brubaker TA, Sochol RD, Lin L. Finger-powered 
microfluidic systems using multilayer soft lithography and injection 
molding processes. Lab Chip. 2014;14:3790.

	34.	 Nilghaz A, Guan L, Tan W, Shen W. Advances of paper-based microfluidics 
for diagnostics—the original motivation and current status. ACS Sensors. 
2016;1:1382–93. https://​doi.​org/​10.​1021/​acsse​nsors.​6b005​78.

	35.	 Moreno-Rivas O, Hernández-Velázquez D, Piazza V, Marquez S. Rapid pro‑
totyping of microfluidic devices by SL 3D printing and their biocompat‑
ibility study for cell culturing. Mater Today Proc. 2019;13:436–45. https://​
doi.​org/​10.​1016/j.​matpr.​2019.​03.​189.

3.1 Antibiotic Susceptibility Testing (AST) 31



Page 17 of 18Riester et al. Journal of Nanobiotechnology          (2022) 20:540 	

	36.	 Lee J-Y, An J, Chua CK. Fundamentals and applications of 3D printing for 
novel materials. Appl Mater Today. 2017;7:120–33.

	37.	 Waheed S, Cabot JM, Macdonald NP, Lewis T, Guijt RM, Paull B, et al. 3D 
printed microfluidic devices: enablers and barriers. Lab Chip R Soc Chem. 
2016;16:1993–2013.

	38.	 Vasilescu SA, Bazaz SR, Jin D, Shimoni O, Warkiani ME. 3D printing enables 
the rapid prototyping of modular microfluidic devices for particle conju‑
gation. Appl Mater Today. 2020;20:100726. https://​doi.​org/​10.​1016/j.​apmt.​
2020.​100726.

	39.	 Melocchi A, Parietti F, Maroni A, Foppoli A, Gazzaniga A, Zema L. Hot-melt 
extruded filaments based on pharmaceutical grade polymers for 3D 
printing by fused deposition modeling. Int J Pharm. 2016;509:255–63. 
https://​doi.​org/​10.​1016/j.​ijpha​rm.​2016.​05.​036.

	40.	 Zhou Z, Ruiz Cantu L, Chen X, Alexander MR, Roberts CJ, Hague R, et al. 
High-throughput characterization of fluid properties to predict droplet 
ejection for three-dimensional inkjet printing formulations. Addit Manuf. 
2019;29:100792. https://​doi.​org/​10.​1016/j.​addma.​2019.​100792.

	41.	 Salentijn GIJ, Oomen PE, Grajewski M, Verpoorte E. Fused deposition 
modeling 3D printing for (Bio)analytical device fabrication: procedures, 
materials, and applications. Anal Chem. 2017;89:7053–61.

	42.	 Hwang Y, Paydar OH, Candler RN. 3D printed molds for non-planar PDMS 
microfluidic channels. Sens Actuators A Phys. 2015;226:137–42. https://​
doi.​org/​10.​1016/j.​sna.​2015.​02.​028.

	43.	 He Y, Qiu J, Fu J, Zhang J, Ren Y, Liu A. Printing 3D microfluidic chips with 
a 3D sugar printer. Microfluid Nanofluidics. 2015;19:447–56. https://​doi.​
org/​10.​1007/​s10404-​015-​1571-7.

	44.	 Bressan LP, Robles-Najar J, Adamo CB, Quero RF, Costa BMC, de Jesus DP, 
et al. 3D-printed microfluidic device for the synthesis of silver and gold 
nanoparticles. Microchem J. 2019;146:1083–9. https://​doi.​org/​10.​1016/j.​
microc.​2019.​02.​043.

	45.	 Tothill AM, Partridge M, James SW, Tatam RP. Fabrication and optimisa‑
tion of a fused filament 3D-printed microfluidic platform. J Micromech 
Microeng. 2017;27:035018.

	46.	 Beauchamp MJ, Nordin GP, Woolley AT. Moving from millifluidic to truly 
microfluidic sub-100-μm cross-section 3D printed devices. Anal Bioanal 
Chem. 2017;409:4311–9. https://​doi.​org/​10.​1007/​s00216-​017-​0398-3.

	47.	 Kabirian F, Ditkowski B, Zamanian A, Heying R, Mozafari M. An innovative 
approach towards 3D-printed scaffolds for the next generation of tissue-
engineered vascular grafts. Mater Today Proc. 2018;5:15586–94.

	48.	 Gautam R, Singh RD, Sharma VP, Siddhartha R, Chand P, Kumar R. Biocom‑
patibility of polymethylmethacrylate resins used in dentistry. J Biomed 
Mater Res Part B Appl Biomater. 2012;100B:1444–50. https://​doi.​org/​10.​
1002/​jbm.b.​32673.

	49.	 Lye KW, Tideman H, Wolke JCG, Merkx MAW, Chin FKC, Jansen JA. Biocom‑
patibility and bone formation with porous modified PMMA in normal 
and irradiated mandibular tissue. Clin Oral Implants Res. 2013;24:100–9. 
https://​doi.​org/​10.​1111/j.​1600-​0501.​2011.​02388.x.

	50.	 Chen Y, Zhang L, Chen G. Fabrication, modification, and application 
of poly(methyl methacrylate) microfluidic chips. Electrophoresis. 
2008;29:1801–14. https://​doi.​org/​10.​1002/​elps.​20070​0552.

	51.	 Hermanson NJ, Crittenden PA, Novak LR, Woods RA. Chemical resistance 
of polycarbonate. Amsterdam: Elsevier; 1998. p. 117–22.

	52.	 Shamim N, Koh YP, Simon SL, McKenna GB. Glass transition temperature 
of thin polycarbonate films measured by flash differential scanning calo‑
rimetry. J Polym Sci Part B Polym Phys. 2014;52:1462–8. https://​doi.​org/​10.​
1002/​polb.​23583.

	53.	 Ongaro AE, Di Giuseppe D, Kermanizadeh A, Miguelez Crespo A, Mencat‑
tini A, Ghibelli L, et al. Polylactic is a sustainable, low absorption, low 
autofluorescence alternative to other plastics for microfluidic and organ-
on-chip applications. Anal Chem. 2020;92:6693–701. https://​doi.​org/​10.​
1021/​acs.​analc​hem.​0c006​51.

	54.	 Sochol RD, Sweet E, Glick CC, Wu S-Y, Yang C, Restaino M, et al. 3D printed 
microfluidics and microelectronics. Microelectron Eng. 2018;189:52–68.

	55.	 Sibeko MA, Saladino ML, Luyt AS, Caponetti E. Morphology and proper‑
ties of poly(methyl methacrylate) (PMMA) filled with mesoporous silica 
(MCM-41) prepared by melt compounding. J Mater Sci. 2016;51:3957–70. 
https://​doi.​org/​10.​1007/​s10853-​015-​9714-5.

	56.	 Yavuz C, Oliaei SNB, Cetin B, Yesil-Celiktas O. Sterilization of PMMA 
microfluidic chips by various techniques and investigation of material 
characteristics. J Supercrit Fluids. 2016;107:114–21.

	57.	 Ali U, Karim KJBA, Buang NA. A review of the properties and applications 
of poly (methyl methacrylate) (PMMA). Polym Rev. 2015;55:678–705. 
https://​doi.​org/​10.​1080/​15583​724.​2015.​10313​77.

	58.	 Trotta G, Volpe A, Ancona A, Fassi I. Flexible micro manufacturing plat‑
form for the fabrication of PMMA microfluidic devices. J Manuf Process. 
2018;35:107–17.

	59.	 Tomazelli Coltro WK, Cheng CM, Carrilho E, de Jesus DP. Recent advances 
in low-cost microfluidic platforms for diagnostic applications. Electropho‑
resis. 2014;35:2309–24. https://​doi.​org/​10.​1002/​elps.​20140​0006.

	60.	 Guo J, Yu Y, Cai L, Wang Y, Shi K, Shang L, et al. Microfluidics for flexible 
electronics. Mater Today. 2021. https://​doi.​org/​10.​1016/j.​mattod.​2020.​08.​
017.

	61.	 Sabourin D, Petersen J, Snakenborg D, Brivio M, Gudnadson H, Wolff A, 
et al. Microfluidic DNA microarrays in PMMA chips: streamlined fabrica‑
tion via simultaneous DNA immobilization and bonding activation by 
brief UV exposure. Biomed Microdevices. 2010;12:673–81. https://​doi.​org/​
10.​1007/​s10544-​010-​9420-7.

	62.	 Battle KN, Jackson JM, Witek MA, Hupert ML, Hunsucker SA, Armistead 
PM, et al. Solid-phase extraction and purification of membrane proteins 
using a UV-modified PMMA microfluidic bioaffinity μSPE device. Analyst. 
2014;139:1355–63.

	63.	 Wongkaew N, He P, Kurth V, Surareungchai W, Baeumner AJ. Multi-chan‑
nel PMMA microfluidic biosensor with integrated IDUAs for electrochemi‑
cal detection. Anal Bioanal Chem. 2013;405:5965–74. https://​doi.​org/​10.​
1007/​s00216-​013-​7020-0.

	64.	 Yeh CH, Zhao Q, Lee SJ, Lin YC. Using a T-junction microfluidic chip for 
monodisperse calcium alginate microparticles and encapsulation of 
nanoparticles. Sens Actuators A Phys. 2009;151:231–6.

	65.	 Su S, Jing G, Zhang M, Liu B, Zhu X, Wang B, et al. One-step bonding 
and hydrophobic surface modification method for rapid fabrication of 
polycarbonate-based droplet microfluidic chips. Sens Actuators B Chem. 
2019;282:60–8.

	66.	 Jia Y, Asahara H, Hsu Y-I, Asoh T-A, Uyama H. Surface modification of poly‑
carbonate using the light-activated chlorine dioxide radical. Appl Surf Sci. 
2020;530:147202.

	67.	 Wang Y, He Q, Dong Y, Chen H. In-channel modification of biosensor 
electrodes integrated on a polycarbonate microfluidic chip for micro 
flow-injection amperometric determination of glucose. Sens Actuators B 
Chem. 2010;145:553–60.

	68.	 Ogończyk D, Węgrzyn J, Jankowski P, Dąbrowski B, Garstecki P. Bonding of 
microfluidic devices fabricated in polycarbonate. Lab Chip. 2010;10:1324.

	69.	 Romanov V, Samuel R, Chaharlang M, Jafek AR, Frost A, Gale BK. FDM 3D 
printing of high-pressure, heat-resistant, transparent microfluidic devices. 
Anal Chem. 2018;90:10450–6.

	70.	 Guo T, Holzberg TR, Lim CG, Gao F, Gargava A, Trachtenberg JE, et al. 
3D printing PLGA: a quantitative examination of the effects of polymer 
composition and printing parameters on print resolution. Biofabrication. 
2017;9:024101.

	71.	 Wang L, Kodzius R, Yi X, Li S, Hui YS, Wen W. Prototyping chips in minutes: 
direct laser plotting (DLP) of functional microfluidic structures. Sens 
Actuators B Chem. 2012;168:214–22. https://​doi.​org/​10.​1016/j.​snb.​2012.​
04.​011.

	72.	 Macdonald NP, Zhu F, Hall CJ, Reboud J, Crosier PS, Patton EE, et al. Assess‑
ment of biocompatibility of 3D printed photopolymers using zebrafish 
embryo toxicity assays. Lab Chip. 2016;16:291–7.

	73.	 Piironen K, Haapala M, Talman V, Järvinen P, Sikanen T. Cell adhesion and 
proliferation on common 3D printing materials used in stereolithography 
of microfluidic devices. Lab Chip. 2020;20:2372–82.

	74.	 Correa H, Aristizabal F, Duque C, Kerr R. Cytotoxic and antimicrobial 
activity of pseudopterosins and seco-pseudopterosins isolated from the 
octocoral Pseudopterogorgia elisabethae of San Andrés and Providencia 
islands (Southwest Caribbean Sea). Mar Drugs. 2011;9:334–44.

	75.	 Ultimaker. Ultimaker 3 manual (En) v1.4. p. 1–60. 2017. https://​ultim​aker.​
com/​en/​produ​cts/​ultim​aker-3. Accessed 28 Jan 2021.

	76.	 Park SJ, Lee JE, Lee HB, Park J, Lee N-K, Son Y, et al. 3D printing of bio-
based polycarbonate and its potential applications in ecofriendly indoor 
manufacturing. Addit Manuf. 2020;31:100974.

	77.	 Stone HA. Introduction to fluid dynamics for microfluidic flows. In: Lee H, 
Westervelt RM, Ham D (eds) CMOS Biotechnology. Series on Integrated 
Circuits and Systems. Springer, Boston, MA. 2007. https://​doi.​org/​10.​1007/​
978-0-​387-​68913-5_2.

32 3 Results and Discussion



Page 18 of 18Riester et al. Journal of Nanobiotechnology          (2022) 20:540 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	78.	 Zhu F, Friedrich T, Nugegoda D, Kaslin J, Wlodkowic D. Assessment of the 
biocompatibility of three-dimensional-printed polymers using multispe‑
cies toxicity tests. Biomicrofluidics. 2015;9:061103. https://​doi.​org/​10.​
1063/1.​49390​31.

	79.	 Sanchez Noriega JL, Chartrand NA, Valdoz JC, Cribbs CG, Jacobs DA, 
Poulson D, et al. Spatially and optically tailored 3D printing for highly 
miniaturized and integrated microfluidics. Nat Commun. 2021;12:5509.

	80.	 Lee SJ, Choi JS, Park KS, Khang G, Lee YM, Lee HB. Response of MG63 
osteoblast-like cells onto polycarbonate membrane surfaces with differ‑
ent micropore sizes. Biomaterials. 2004;25:4699–707.

	81.	 Li RY, Liu ZG, Liu HQ, Chen L, Liu JF, Pan YH. Evaluation of biocompatibility 
and toxicity of biodegradable poly (DL-lactic acid) films. Am J Transl Res. 
2015;7:1357–70.

	82.	 da Silva D, Kaduri M, Poley M, Adir O, Krinsky N, Shainsky-Roitman J, et al. 
Biocompatibility, biodegradation and excretion of polylactic acid (PLA) in 
medical implants and theranostic systems. Chem Eng J. 2018;340:9–14. 
https://​doi.​org/​10.​1016/j.​cej.​2018.​01.​010.

	83.	 Joz Majidi H, Babaei A, Kazemi-Pasarvi S, Arab-Bafrani Z, Amiri M. Tuning 
polylactic acid scaffolds for tissue engineering purposes by incorpo‑
rating graphene oxide-chitosan nano-hybrids. Polym Adv Technol. 
2021;32:1654–66.

	84.	 Lim KT, Hexiu J, Kim J, Seonwoo H, Choung P-H, Chung JH. Synergistic 
effects of orbital shear stress on in vitro growth and osteogenic differen‑
tiation of human alveolar bone-derived mesenchymal stem cells. Biomed 
Res Int. 2014;2014:1–18.

	85.	 Castillo AB, Jacobs CR. Mesenchymal stem cell mechanobiol‑
ogy. Curr Osteoporos Rep. 2010;8:98–104. https://​doi.​org/​10.​1007/​
s11914-​010-​0015-2.

	86.	 Bjerre L, Bünger CE, Kassem M, Mygind T. Flow perfusion culture of 
human mesenchymal stem cells on silicate-substituted tricalcium phos‑
phate scaffolds. Biomaterials. 2008;29:2616–27.

	87.	 Stiehler M, Bünger C, Baatrup A, Lind M, Kassem M, Mygind T. Effect of 
dynamic 3-D culture on proliferation, distribution, and osteogenic dif‑
ferentiation of human mesenchymal stem cells. J Biomed Mater Res Part 
A. 2008. https://​doi.​org/​10.​1002/​jbm.a.​31967.

	88.	 Babaliari E, Petekidis G, Chatzinikolaidou M. A precisely flow-controlled 
microfluidic system for enhanced pre-osteoblastic cell response for bone 
tissue engineering. Bioengineering. 2018;5:66.

	89.	 Hong D, Chen HX, Xue Y, Li DM, Wan XC, Ge R, et al. Osteoblastogenic 
effects of dexamethasone through upregulation of TAZ expression in rat 
mesenchymal stem cells. J Steroid Biochem Mol Biol. 2009;116:86–92.

	90.	 Langenbach F, Handschel J. Effects of dexamethasone, ascorbic acid 
and β-glycerophosphate on the osteogenic differentiation of stem cells 
in vitro. Stem Cell Res Ther. 2013;4:1.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

3.1 Antibiotic Susceptibility Testing (AST) 33



34 3 Results and Discussion

3.1.2 Rapid Phenotypic Antibiotics Susceptibility Analysis by a 3D

Printed Prototype

Own contribution to the article

The authors’ contribution to this publication was as follows. The conceptualization

of the study was performed by Prof. Deigner and the author of this thesis with the

support of Dr. Kaiser and Prof. Laufer. All experiments were planned, performed and

evaluated by the author of this thesis, including the writing of the Python script for the

data analysis of the electrochemical measurements. Dr. Kaiser and Prof. Deigner

were responsible for funding acquisition. The supervision of the work was performed

by Prof. Laufer and Prof. Deigner. Writing of the original draft with visualizations was

carried out by the author of this thesis with the support of Prof. Deigner. All authors

reviewed, edited and approved the manuscript.

Reprinted with permission from the Authors. Copyright © 2024 The Authors. Advanced

Science published by Wiley-VCH GmbH. This article is an open access article dis-

tributed under a Creative Commons Attribution 4.0 International License

(http://creativecommons.org/licenses/by/4.0/).

Riester, O.; Kaiser, L.; Laufer, S.; Deigner, H.-P. Rapid Phenotypic Antibiotics

Susceptibility Analysis by a 3D Printed Prototype. Adv. Sci. 2024.

https://doi.org/10.1002/advs.202308806.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/advs.202308806


RESEARCH ARTICLE
www.advancedscience.com

Rapid Phenotypic Antibiotics Susceptibility Analysis by a 3D
Printed Prototype

Oliver Riester, Lars Kaiser, Stefan Laufer, and Hans-Peter Deigner*

One of the most important public health concerns is the increase in
antibiotic-resistant pathogens and corresponding treatment of associated
infections. Addressing this challenge requires more efficient use of antibiotics,
achievable by the use of evidence-based, effective antibiotics identified by
antibiotic susceptibility testing (AST). However, the current standard method
of phenotypic AST used for this purpose requires 48 h or more from sample
collection to result. Until results are available, broad-spectrum antibiotics are
used to avoid delaying treatment. The turnaround time must therefore be
shortened in order for the results to be available before the second
administration of antibiotics. The phenotypic electrochemical AST method
presented here identifies effective antibiotics within 5–10 h after sampling.
Spiked serum samples, including polymicrobial samples, with clinically
relevant pathogens and respective concentrations commonly found in
bloodstream infections (Escherichia coli, Staphylococcus aureus, Klebsiella
pneumoniae, and Pseudomonas aeruginosa) are used. Direct loading of the
test with diluted serum eliminates the need for a pre-culture, as required by
existing methods. Furthermore, by combining several electrochemical
measurement procedures with computational analysis, allowing the method
to be used both online and offline, the AST achieves a sensitivity of 94.44%
and a specificity of 95.83% considering each replicate individually.

1. Introduction

Treating infections caused by antibiotic-resistant (AR) pathogens
displays an increasing challenge and is, according to the WHO,
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a growing health problem worldwide that
could lead to 10 million deaths per year
by 2050, if no action is taken.[1] As of
2019, infections with AR pathogens were re-
sponsible for a worrying number of deaths
worldwide, accounting for ≈4.95 million
(64 per 100 000) deaths associated with
AR pathogens and 1.27 million (16.4 per
100 000) deaths directly attributable to in-
fections with AR pathogens.[2] In partic-
ular, the fact that pathogens resistant to
new antibiotics are often detected in clinics
within a year after their approval,[3] as well
as the correlation between excessive use
and the development of new resistances,[4]

highlights the necessity of responsible and
restrictive use of antibiotics. Although the
causal relationship between excessive an-
tibiotic use and the emergence of resis-
tance has been acknowledged for some
time, antibiotic use is increasing rather
than decreasing,[5,6] particularly in the vet-
erinary sector, where estimated antimicro-
bial consumption is projected to increase by
8% between 2020 and 2030, based on cur-
rent trends.[7] In addition to reducing the
likelihood of new resistances emerging, the

targeted use of antibiotics with confirmed efficacy has the advan-
tage of improving treatment outcomes.[8,9] However, in order to
use the most appropriate and effective antibiotic, one must first
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know which is effective against the pathogen present, thus re-
quiring antimicrobial susceptibility testing (AST). The current
state of the art involves blood culture as the first step, followed by
isolation of pathogens and finally AST.[10] As a result, the
turnaround time from sample collection to AST result is typi-
cally 48 h or more, with blood culture and isolation of poten-
tial pathogens taking 24 to 48 h and the actual AST taking 16
to 24 h for gold standard methods or 4 to 8 h for automated
methods.[10,11] However, it would be desirable to obtain an AST
result within 8 h or less after sample collection in order to be
able to administer a proven effective antibiotic to the patient af-
ter the initial antibiotic administration. For this reason, a wide
variety of technologies and processes are being tested and further
developed to determine their suitability for meeting the desired
turnaround time while maintaining the same quality as the cur-
rent gold standard.

AST are classified in two categories: phenotypic and geno-
typic. Phenotypic approaches, the current gold standard, study
the effect of an administered antibiotic on a bacterial population
by measuring its metabolic activity or bacterial growth and thus
detect the direct effect of the antibiotic. Genotypic approaches,
on the other hand, do not detect the direct effect of the antibiotic,
rather they test for the presence of genes that are required for re-
sistance. This approach has the advantage that, in theory, there is
no need for prior cultivation, although this still represents a chal-
lenge in practice.[12] Shifman et al.[13] used a reverse-transcriptase
polymerase chain reaction (RT-PCR) to quantify RNA Markers of
Yersinia pestis accountable for ARs. They were able to determine
the minimum inhibitory concentration of doxycycline within
7 h after positive blood culture, a significant advantage over the
CLSI standard of 24 h, especially for Yersinia pestis, whose slow
ex vivo growth was specifically pointed out by the authors. A
disadvantage of PCR-based methods is that the primers targeting
the resistance gene must be chosen specifically in advance. This
problem can be addressed by whole genome sequencing (WGS)
approaches, which are becoming increasingly attractive as next-
generation sequencing advances. For example, using nanopore
metagenomics, Charalampous et al.[14] demonstrated that it is
possible to detect the pathogen and the resistance genes of a bac-
terial lower respiratory tract infection within 6 h. Nevertheless,
the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) stated in 2017 that the available evidence for WGS as
an AST tool is either insufficient or nonexistent and therefore
inappropriate for clinical decision making.[12] They also pointed
out the urgent need for a single database of all known resistance
genes/mutations to facilitate comparison between different
systems and bioinformatic tools. These statements are also sup-
ported by a study from Rebelo et al.[15] in which they compared
500 bacterial isolates from Danish clinical microbiology laborato-
ries tested with WGS (Illumina NextSeq, genotypic) and standard
broth microdilution (phenotypic). Concordance was observed in
91.7 % of all cases, with the remaining 8.3 % divided as follows:
6.2 % were phenotypically susceptible isolate-antimicrobial
combinations that possessed resistance genes but did not exhibit
effective resistance, and 2.1 % had phenotypic resistances that
were not detected by WGS, representing 26.4 % of all pheno-
typic resistances present that were not detected by WGS. This
highlights that, given the current state of the art, genotypic tests,
particularly WGS-based tests, often require phenotypic verifi-

cation to provide clinically relevant conclusions.[16] Therefore,
phenotypic AST tests will remain irreplaceable as the standard for
the foreseeable future, making it vital to reduce their turnaround
time.

To shorten the turnaround time of phenotypic AST, it is par-
ticularly helpful to avoid the upstream blood culture, thus requir-
ing tests to be loaded directly with the patient sample or a di-
lution thereof and the bacterial concentrations present therein.
The majority of AR-associated deaths are caused by lower respi-
ratory or bloodstream infections [2] and sputum or serum spec-
imens contain approximately >104 [17,18] or < 103 CFU/ml,[19,20]

respectively. Thus, an appropriate detection method should be
able to provide results ideally within the first 8 h of testing
under these starting conditions. A variety of detection meth-
ods have been described in the literature for rapid pheno-
typic AST, such as detection by fluorescence,[21,22] lumines-
cent measurement of extracellular ATP,[23] microscopic detection
of cell growth,[24] antibody-modified magnetic nanoparticles,[25]

electrochemical measurements by differential pulsed voltam-
metry (DPV) [26–28] or electrochemical impedance spectroscopy
(EIS).[29]

However, most of them were demonstrated only in buffer,
growth medium, or artificial urine, and often at high initial con-
centrations of 105 CFU/ml or more, requiring prior incubation.
Some methods also destroy the sample during the measurement,
e.g. by lysing the bacteria, which leads to an increased number of
samples if a time course and no endpoint determination is to be
recorded.

Herein, we demonstrate a 3D-printed phenotypic rapid AST
system based on a combination of DPV and EIS measurements.
To our knowledge, this study is the first demonstration of a rapid
AST system that provides results from spiked serum samples
at 1000 CFU/ml in <10 h after sample collection (Figure 1).
The approach combines EIS measurements with DPV measure-
ments of Resazurin, which is metabolized by living bacteria to
resorufin.[30] The assay was tested for seven clinically relevant
bacterial strains with different resistance profiles to kanamycin
and oxytetracycline, which were selected as example antibiotics
due to their widespread resistance [31,32] and their correspon-
dence with the resistance/susceptibility profile of the bacterial
strains used. Included were most common pathogens of blood-
stream infections, such as Escherichia coli (E. coli), Staphylo-
coccus aureus (S. aureus), Klebsiella pneumonia (K. pneumonia),
and Pseudomonas aeruginosa (P. aeruginosa).[33] Furthermore, it
was demonstrated that the 3D-printed system can be scaled
up to multiple chambers and can also be complemented with
a suitable microfluidic channel system to ensure user-friendly
loading.

2. Results and Discussion

2.1. Combining 3D Printed Microfluidic Device Designs with
Embedded SPEs

The devices were designed such that commercial screen-printed
electrodes (SPEs) could be embedded within the test system. By
combining the SPEs with a 3D-printed microfluidic device, a
closed system was developed, minimizing evaporation and allow-
ing test intervals of more than 16 h. Several designs were created
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Figure 1. Overview of AST with respective time intervals using standard methods or the here demonstrated electrochemical methods. The rapid AST
platform in a 3D printed microfluidic device can be used as a single chamber or a multi-chamber version. Measurement of antimicrobial susceptibility is
based on electrochemical impedance spectroscopy (EIS) and the metabolic reduction of resazurin to resorufin analyzed by differential pulse voltammetry
(DPV).

that demonstrate the flexibility of the concept to meet application
requirements. For example, devices were developed for anaero-
bic and aerobic culture conditions in single and multi-chamber
versions (Figure 2). The anaerobic and multi-chamber devices
were only tested for tightness and ease of filling in order to pro-
vide a proof of concept (Figure S1, Supporting Information). AST
experiments were performed in single-chamber aerobic devices
(Figure 2A,B), with multiple devices being measured in parallel.
The designs can be further adapted to suit the desired test condi-
tions and the number of antibiotics or concentrations to be tested.
For example, the multi-chamber version can be adapted to an aer-
obic design by removing the vent channels (Figure 2D, shown in
red) and replacing the top layer of the chambers with a gas per-
meable membrane.

2.2. Antibiotic Susceptibility Test by Agar Diffusion Assay – Gold
Standard

To enable a comparison of the newly developed method with
the current gold standard, the used strain-antibiotic combina-
tions were evaluated using the agar diffusion test, displayed
in Figure 3. The test was performed as reference AST with
21 strain-antibiotic combinations, including 7 untreated, 7
treated with kanamycin, and 7 treated with oxytetracycline. The
reference test demonstrated growth in all 7 untreated samples,
resistance in 6 combinations, and susceptibility in 8 combina-
tions. The observed resistances were mostly consistent with data
available in the Bacdive library.[34] The only differences were
observed for the P. aeruginosa strains, as P. aeruginosa (DSM
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Figure 2. 3D printed device designs. 3D-printed devices with integrated SPEs were fabricated from PMMA in various designs. A) CAD model of aerobic
design with headspace for oxygen exchange. B) Image of aerobic test device with implemented IS-C electrode and sealed with Luer lock cap. CAD model
of C) single-chamber and D) multi-chamber versions of the anaerobic design with respective microfluidic distribution structures. Shown are microfluidic
structures for filling with sample (green), venting air present (red), and preloading antibiotics (orange). Arrows indicate flow direction during sample
loading. For images of the 3D-printed anaerobic and multi-chamber designs, the reader is referred the supplementary materials.

102273) should be sensitive to tetracycline (no entry for oxyte-
tracycline) according to the library, which was not observed for
oxytetracycline, chemically similar to tetracycline. In addition, P.
aeruginosa (DSM 25123) is not listed as resistant in the library,
but showed resistance or high tolerance to oxytetracycline. These
differences may also be due to differences in the concentrations
tested, as they were chosen to be comparable to the ones used in
the electrochemical experiments.

2.3. Antibiotic Susceptibility Test by Electrochemical Detection

Phenotypic AST using electrochemical methods for the detection
of bacterial growth have several advantages, especially when com-

pared to fluorescence measurements, such as comparable sen-
sitivity and selectivity, low cost, low power requirements, multi-
ple measurement methods, and compatibility with microfabrica-
tion technology.[35] In particular the possibility to combine sev-
eral measurement methods in one device and perform them si-
multaneously for one sample offers immense potential. In the
following, the detection of bacterial growth (or the absence when
susceptible to antibiotic) for clinically relevant bacterial strains in
spiked plasma samples using DPV and EIS in combination with
computational analysis is demonstrated. Representative plots for
multi-resistant Staphylococcus aureus (MRSA, DSM 28766) are
shown as examples in Figures 4 and 5. MRSA was selected as
an example strain as it shows resistance to kanamycin and sensi-
tivity to oxytetracycline. For representative plots of further tested
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 21983844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202308806 by H

ochschule Furtw
angen Im

z - D
ie B

ibliotheken, W
iley O

nline L
ibrary on [26/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

38 3 Results and Discussion



www.advancedsciencenews.com www.advancedscience.com

Figure 3. Antibiotic susceptibility test by agar diffusion test. Indicated bacterial strains are tested for susceptibility to the antibiotics kanamycin and
oxytetracycline at concentrations of 10 μg per disc. Susceptibility to antibiotics is indicated by the formation of an inhibition zone surrounding the discs.
PBS was included as control.

bacterial strains (E. coli (DSM 498); S. aureus (DSM 799); K. pneu-
moniae (DSM 103706); K. pneumoniae (DSM 30104); P. aerugi-
nosa (DSM 102273); P. aeruginosa (DSM 25123)) the reader is re-
ferred to Figures S2–S8 (Supporting Information). The ASTs per-
formance (sensitivity, specificity, positive predictive value (PPV),
and negative predictive value (NPV)) was evaluated using the
agar diffusion assay (Figure 3) as reference. Furthermore, the
turnaround time for detection of growth was analyzed using each
method individually or in combination (Table S1, Supporting In-
formation; Figures 4 and 5). The electrochemical antibiotic sus-
ceptibility test was performed 68 times, including five control
samples without bacteria and the same strain-antibiotic combina-
tions as for the agar diffusion assay, each with three independent
replicates.

2.3.1. Differential Pulsed Voltammetry (DPV)

The use of DPV for the measurement of resazurin metaboliza-
tion is already described in the literature.[27,28] However, to our
knowledge, the method has never been demonstrated in plasma
or serum samples with realistic bacterial concentrations suit-
able for bloodstream infection. Diluted samples of spiked serum
(1000 CFU/ml) were tested with an ItalSens-Carbon (IS-C) SPE,
resulting in 250 CFU/ml in 25/75% FCS/LB. It was observed that
the current was unstable in the first 3 to 4 h and the absolute
initial values varied from device to device at the same initial re-
sazurin concentration (Figure 4A). The observed increase in cur-
rent (I) during the first 3 to 4 h was likely the result of protein
adsorption and equilibration of the reference electrode caused by
wetting effects and was observed for all bacterial strains and con-
trols. However, the effect did not influence the measurement, as
within the first few hours the growth of the bacteria is still too low
to be detected. In addition, it was shown (Figure S12, Supporting
Information), that this effect can be reduced by pre-wetting the

electrodes in advance. Although the initial current increase did
not interfere with the measurement itself, pre-equilibrium val-
ues were excluded and the analysis was performed with the first
derivative, as the increase was always detected as a changepoint
by the detection algorithm.

The analysis of the first derivative has two advantages in this
respect: first, the offset of the individual instruments becomes
less influential and second, the signal change, which serves as
evidence of bacterial growth, becomes more comparable for dif-
ferent samples. The first derivative of I can assume both positive
and negative values as a result of bacterial growth. Negative val-
ues (e.g., Figure 4A: S. aureus – No antibiotic between 10 and
14 h) can be interpreted as a decrease in resazurin concentra-
tion due to its metabolization, as shown in Figures S9 and S10
(Supporting Information) for different resazurin concentrations.
Positive values (e.g., Figure 4A: S. aureus – No antibiotic between
6 and 9 h), on the other hand, can be explained by a decrease in
pH as described by Cakir et al.,[30] e.g., as a result of accumulated
metabolites during bacterial growth. The presence of additional
protons increases the measured current of the 2-electron trans-
fer reaction from resazurin to resorufin and the potential of the
peak maximum in the course of the experiment, leading to an
initial increase in the current until the effect is superimposed by
the decrease in the resazurin concentration. The decrease in cur-
rent in samples with bacterial growth is therefore not solely due
to the decrease in resazurin concentration, but also partly due
to the aforementioned peak shift, as the evaluation was carried
out constantly at −0.3 V, even if the potential of the peak maxi-
mum had shifted. In addition to the current intensity, however,
the peak shift can also be used as a parameter for determining
bacterial growth.

Bioinformatic analysis via current intensity using change
point detection resulted in growth detection after 4.89 ± 0.21 h
up to 13.17 h, depending on the strain-antibiotic combination
(Figure 4B). In some cases, growth was also delayed by the
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Figure 4. Electrochemical measurement and bioinformatic analysis of antibiotic susceptibility by DPV. Bacterial growth of pathogens (1000 CFU/ml
in serum corresponding to 50 CFU/measuring chamber) with 100 μg ml−1 kanamycin (K), 100 μg ml−1 oxytetracycline (O), or without antibiotic (N)
detected by differential pulsed voltammetry (DPV) via current intensity or potential shift. A) Representative replicates for DPV measurement of MRSA
(DSM 28766) with growth detected by current or potential. Turnaround time (mean ± SD) until growth was detected by B) current or C) potential.
Number above bars indicates replicates that detected growth (n = 3, independent devices). Performance of AST by D) current or E) potential compared
to agar diffusion assay (Figure 3) with true positives (resistant to treatment/exhibits growth) and true negatives (susceptible to treatment/exhibits no
growth).
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Figure 5. Electrochemical measurement and bioinformatic analysis of antibiotic susceptibility by EIS or combined method. Bacterial growth of pathogens
(1000 CFU/ml in serum corresponding to 50 CFU/measuring chamber) with 100 μg ml−1 kanamycin (K), 100 μg ml−1 oxytetracycline (O), or without
antibiotic (N) detected by electrochemical impedance spectroscopy (EIS) or a combined method of EIS and DPV. A) Representative replicates for
EIS and DPV measurement of MRSA (DSM 28766) with growth detected by impedance or combined method. Turnaround time (mean ± SD) until
growth was detected by B) impedance or C) combined method. Number above bars indicates replicates that detected growth (n = 3, independent
devices). Performance of AST by D) impedance or E) combined method compared to agar diffusion assay (Figure 3) with true positives (resistant to
treatment/exhibits growth) and true negatives (susceptible to treatment/exhibits no growth).
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addition of antibiotics, e.g. when K. pneumoniae (DSM 107306)
was tested for susceptibility to kanamycin (Figure 4B,C; Figure
S5, Supporting Information), indicating a partial effect of the
antibiotic but not sufficient to completely stop growth. In the 42
tests performed excluding controls, analysis via current intensity
detected 21 (15 true positives, 6 false positives) resistant and 21
(18 true negatives, 3 false negatives) sensitive strain-antibiotic
combinations, resulting in a sensitivity of 83.33% and a speci-
ficity of 75% (Figure 4D). When using the peak maximum
potential as a parameter for change point detection, growth was
detected between 5.17 ± 0.41 h and 18.5 h (Figure 4C), and
thus slower than detection via current. Analysis via potential
resulted in the detection of 11 (11 true positives, 0 false posi-
tives) resistances and 31 (24 true negatives, 7 false negatives)
susceptibilities, resulting in a lower sensitivity of 61.11% but a
higher specificity of 100% (Figure 4E).

2.3.2. Electrochemical Impedance Spectroscopy (EIS)

In order to improve the performance of the electrochemical AST
and to detect slowly metabolizing or biofilm-forming pathogens,
the DPV method was supplemented by EIS, a method that can
be performed with the same experimental setup. The principle
of the EIS measurement method for bacterial growth can pro-
duce both increasing and decreasing curve patterns for measured
impedance over time, which are explained in the literature as fol-
lows: an increase in impedance is due to a decrease in accessible
electrode surface area as a result of a bacterial layer on the surface
(e.g., biofilm formation), whose cell membranes act as an insulat-
ing layer, decreasing the accessible area for electron transfer.[36]

The effect of impedance reduction is described, for example, by
Asami et al.,[37] stating that living bacteria with intact cell mem-
branes behave like electrical capacitors in solution. By increasing
in numbers, the bacteria increase the capacitive characteristics of
the dielectric and thereby influence the measured capacitance (C)
and impedance (Z). According to equation 1, where i is the imag-
inary unit and 𝜔 the angular frequency, an increase in C results
in a decrease of Z.

Z = 1
i𝝎C

(1)

The frequency of the alternating current applied during the
EIS measurement also determines which components or prop-
erties, such as cell size, cell membrane, or periplasmic space,
have an influence on the measurement signal.[38,39] In theory,
the effects described result in various plausible signal changes.
However, for all seven strains tested it became apparent that
they caused a reduction in impedance during growth, which
indicates planktonic growth according to the second effect. For
some antibiotic-strain combinations (e.g., oxytetracycline – K.
pneumoniae, Figure S5, Supporting Information), a subsequent
increase in impedance is observed after a longer test period,
possibly indicating the formation of a biofilm on the electrode
according to the first effect. Using impedance (Z) at 100 kHz as
a parameter for bioinformatic analysis to detect bacterial growth
resulted in turnaround times ranging from 5.44 ± 0.08 h up
to 18.67 h, depending on the pathogen. Thereby, 24 (15 true
positives, 9 false positives) resistant and 18 (15 true negatives, 3

false negatives) sensitive strain-antibiotic combinations were de-
tected, which results in a sensitivity of 83.33% and a specificity of
62.5%.

2.3.3. Analysis by Combined Method

As previously demonstrated, growth detection based solely on
current, potential, or impedance parameters have their advan-
tages and disadvantages. For example, detection via current
showed the fastest turnaround times, but only mediocre sensitiv-
ity (83.33%) and specificity (75%), as well as low signal changes in
pathogens with slow metabolism such as P. aeruginosa (Figures
S7 and S8, Supporting Information). For pathogens with slow
metabolism, detection by impedance was advantageous as the
measurement principle is not based on metabolic activity. How-
ever, the specificity was significantly lower with 62.5%, while it
was 100% for detection via potential. In order to use the advan-
tages of all parameters and measurement principles and thus
compensate for their disadvantages, a combined analysis was
performed using all parameters. The combination of different
electrochemical measurement methods benefits the AST assay
by incorporating all favorable signal changes and cross-checking
the results obtained by the different parameters. This results in
a reduction of false positives and false negatives, thus increas-
ing the sensitivity and selectivity of the test. Using the com-
bined method (significant changepoint for 2 of 3 parameters over
the last hour), 94.44% sensitivity and 95.83% selectivity were
achieved at turnaround times of 4.94 ± 0.28 to 10.22 ± 1.59 h,
based on a reduction in the number of false negatives and false
positives to 1 out of 42 tests, respectively. The method is therefore
suitable for identifying an effective antibiotic within 8–24 h after
sampling and significantly reduces the 28–72 h typically required
by standard methods.

3. Conclusion

In summary, an approach for efficient and reliable antibiotic
susceptibility testing is presented, which is already close to a
prototype with clinical utility. It demonstrates the combination
of different electrochemical measurement methods in a device
that benefits from 3D-printed microfluidic devices and leads to
reproducible and rapid results, even for clinically problematic
pathogens. The AST enables treatment of patients with evidence-
based, effective antibiotics, improving treatment outcomes while
conserving available reserve antibiotics by reducing future antibi-
otic resistance. The assay presented here was used to detect resis-
tance to kanamycin and oxytetracycline in seven strains, includ-
ing E. coli and two strains each of S. aureus, K. pneumoniae, and
P. aeruginosa with different resistance profiles. Bacterial growth
(or lack thereof) was detected after 4.94 ± 0.28 to 10.22 ± 1.59 h
under realistic conditions of a bloodstream infection, resulting in
the resistance profile for each sample. For each individual repli-
cate, a sensitivity of 94.44% and a specificity of 95.83% was ob-
tained, or 100% for both when the majority outcome of each trip-
licate was considered. The time saving is achieved in particular
by cultivating the bacteria (blood culture requires 24–48 h by de-
fault) and the actual AST (4–24 h by default) in a single step. Com-
pared to other AST systems (Table 1), the turnaround time was
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Table 1. Comparison of the demonstrated phenotypic AST system with commercial (Vitek2 and BD Phoenix) and experimental systems.

AST system This study Vitek2 [40] BD Phoenix [40] Hannah et al. [41] Baltekin et al. [24] Azizi et al. [22]

Measurement principle Electrochemical (DPV,
EIS)

Turbidity Colorimetric redox
indicator

Electrochemical (EIS) Microscopy Fluorescence

Sample origin Serum Respiratory, blood,
eye

Respiratory, blood, eye Growth medium Urine or growth
medium

Growth medium

Preculture needed? Direct Preculture 18–24 h Preculture 18–24 h Preculture overnight
(12–18 h)

Preculture 2 h Preculture overnight
(12 h)

Sample preparation Dilute 1/4 with growth
medium

“McFarland
standard of 0.5 to

0.63 in 0.45%
sodium chloride”

“25 μl was transferred to
AST broth to obtain a
final inoculum density
of ≈5 × 105 CFU/ml”

“Bacteria from the
overnight cultures were
directly pipetted onto

the gels on the electrode
surface”

During chip loading,
bacteria are trapped

in the channels.

Chip pre-treatment:
30 min in water to
saturate and thus

reduce evaporation.

Bacteria in prepared
sample [CFU/ml]

<250 ≈1.5 × 108 5 × 105 107
>104 107

Turnaround time (ex.
preculture) [h]

5–10 (5–10) 27.8–33.8 (9.8) 30.1–36.1 (12.1) 13–19 (≈1) >2.5 (>0.5) 13–15 (1–3)

Challenges remaining

Demonstrated for
complex samples

Yes Yes Yes No No No

Hands-on time Low average average Low High Low

Demonstrated for
several pathogens

Yes Yes Yes No Yes (mainly for E. coli) Yes

Sophisticated
equipment required /
Point of care possible

No / Yes Yes / No Yes / No No / Yes Yes / No No / Yes

Scalability for high
throughput
applications

Good Good Good Good Poor Good

Method-specific
challenges

Long preculture Long preculture Evaporation restricts
longer measurements

Channel size has to
match bacteria:
high variability

results for
K. pneumonia and

S. saprophyticus

significantly reduced, allowing an effective antibiotic to be iden-
tified at the time of the second antibiotic administration, thereby
significantly improving the treatment outcome. Furthermore, the
use of broad-spectrum antibiotics and the total amount of admin-
istered antibiotics can be reduced, thus limiting the emergence
of further resistances. It was also pointed out that the assay has
the potential to be used in multi-chamber systems with an ap-
propriate microfluidic distribution structure for easy filling. This
would not only allow the serum sample to be tested for different
antibiotics simultaneously and in principle for polymicrobial in-
fections (Figures S13 and S14, Supporting Information), but also
allow the minimum inhibitory concentration of the antibiotic in
question to be determined by testing different concentrations of
antibiotics (Figure S15, Supporting Information). The authors
also note that the electrodes used are unmodified, commercially
available electrodes that could be exchanged for optimized elec-
trodes with higher sensitivity to further improve the turnaround
time and robustness of the test system. The properties of the elec-
trodes, such as the material of the working and reference elec-
trodes or modifications of the surface, as well as the properties of
the medium have an influence on the respective measurement

results, thereby a direct transfer of the results and parameters to
be analyzed to systems with other electrodes should be validated
individually in each case.

4. Experimental Section
Two Screen printed electrodes (SPEs) were preevaluated for suitability

as application in the 3D printed device. The electrodes were purchased
from PalmSens (PalmSens BV, Houten, Netherlands). First an ItalSens
IS-C SPE with graphite working and counter electrode, and a silver pseudo
reference electrode, and second a BVT-AC1 with gold working and counter
electrode with a Ag/AgCl reference electrode. LB medium (Lennox) and
LB-Agar (Luria/Miller) were purchased from Carl Roth (Carl Roth GmbH
+ Co. KG, Karlsruhe, Germany). Fetal calf serum (FCS), oxytetracycline
hydrochloride, and kanamycin sulfate were purchased from Sigma Aldrich
(Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany). Resazurin was
purchased from VWR (VWR International GmbH, Darmstadt, Ger-
many). A Minitron (Infors HT, Bottmingen, Switzerland) was used as an
incubator.

Device Fabrication: Prototype devices were fabricated as previously
described.[42] Briefly, a CAD model was created in Autodesk Fusion 360
(Autodesk, United States) and processed in the slicer software Ulti-
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Figure 6. Workflow for the electrochemical AST method with the 3D printed prototype. Workflows from spiked serum are shown for combined method
(DPV & EIS) and for performing as separate measurements. Differences between workflows are highlighted in bold letters.

maker Cura (Version 4.6.1, Ultimaker, Netherlands). Prototype devices
were printed with an Ultimaker 3 (Ultimaker, Netherlands) FDM 3D
printer with a 0.4 mm nozzle head using the polymer PMMA-transparent
(PMM300XCLR) purchased from filamentworld.com (Germany). As gen-
eral parameters, a printing temperature of 245 °C, printing speed of 70 mm
s−1, layer height of 0.1 mm, and fan speed at 50% was used. The printing
process was paused at the appropriate layer (modification of the G-code
by post-processing scripts available by default) to insert the SPEs and con-
tinued afterward. As SPEs, commercially available ItalSens IS-C SPEs were
used for the antibiotic susceptibility test experiments. To ensure a firm
bond between the electrode strip backing material and the already solidi-
fied 3D print, a small drop of superglue was applied before insertion of the
electrode, ensuring that the glue adhered only to the bottom of the elec-
trode backing material. After fabrication, the devices were sterilized under
a sterile work bench with UV light for 30 min from each side and closed
with a sterile luer-lock cap.

Bacteria Culture: Cultures of Escherichia coli (DSM 498), multidrug-
resistant Staphylococcus aureus (MRSA, DSM 28766), susceptible S. aureus
(DSM 799), Klebsiella pneumoniae (DSM 103706), K. pneumoniae (DSM

30104), Pseudomonas aeruginosa (DSM 102273), and P. aeruginosa (DSM
25123) were cultured overnight in LB medium at 37 °C and 100 rpm be-
fore being used to prepare spiked serum samples. For each experiment, a
new cryo-vial was thawed and cultured. Strains were purchased from the
Leibniz Institute DSMZ-Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH (Braunschweig, Germany) and stored at −80 °C in
glycerol stocks.

Antibiotic Susceptibility Test by Agar Diffusion Assay: The agar diffusion
assay was performed for the tested bacterial strains with the antibiotics
kanamycin and oxytetracycline in order to confirm the resistances listed in
the online library bacdive.[34] A bacterial solution with an OD600 of 0.025
in LB media was created from an overnight culture and 100 μl was evenly
distributed on a standard microbial petridish with LB agar. Sterile filter
paper discs were soaked with 10 μl (1 mg ml−1) antibiotic solution in PBS,
resulting in 10 μg antibiotic per disc and placed on agar ≈5 min after the
innoculation. After 15 min, the petridishs were turned upside down and
placed in an incubator with 37 °C. After 24 h the plates were analyzed and
pictures of the inhibition zones around the antibiotic soaked discs were
taken.

Adv. Sci. 2024, 2308806 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2308806 (10 of 12)
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Antibiotic Susceptibility Test – Differential Pulsed Voltammetry: Re-
sazurin concentration, which decreased as a result of active metabolism,
was measured by the electrochemical method of DPV, as illustrated in
Figure 6. Sterile 3D printed prototypes were prepared with IS-C SPEs,
as previous described. Serum was spiked with an overnight bacterial cul-
ture to 1000 CFU/ml, corresponding to a bloodstream infection of 1000
CFU/ml, and diluted with LB medium to 25%/75% FCS/LB (results in 250
CFU/ml). After 0.2 mM Resazurin and the antibiotic were added, 200 μl
were pipetted into the device (t = 0 h). The device was closed and the sen-
sor was connected to the potentiostat PalmSens 4. The connected device
was then incubated in a humidified incubator at 37 °C without shaking
and the amount of metabolized resazurin was evaluated with DPV (Ebegin
= -0.8 V; Eend = 0.0 V; Epulse = 0.05 V; tpulse = 0.01 s; Scan rate = 0,05 V/s)
every 10 min over 20 h. Measurements were performed with the Palm-
Sens4 (PalmSens BV, Houten, Netherlands) potentiostat and the Software
PSTrace (Version 5.9.2317, PalmSens BV, Netherlands).

Antibiotic Susceptibility Test – Electrochemical Impedance Spectroscopy:
The experimental setup for EIS measurement (Figure 6) was similar to
the one described above for DPV measurements, except that resazurin
was not required. Instead of the DPV protocol, the EIS measurement
protocol at frequencies of 105, 104, 103, 102, 10, and 1 Hz with an Edc =
0.3 V and Eac = 0.01 V was applied using the PalmSens4 and the Software
PSTrace.

Antibiotic Susceptibility Test – Combined Method (DPV & EIS): For the
combined method, both measurements (DPV & EIS) were necessary. They
did not require a separate experimental setup and can thereby be per-
formed in parallel on one device. The initial preparation (Figure 6) was
identical to the one for the DPV measurement, only the measurement dif-
fers. The measurements for DPV and EIS were performed sequentially with
the parameters described above, as the protocol for DPV was performed
first and after a 10 s pause the protocol for EIS was performed.

Bioinformatic & Statistical Analysis: Electrochemical data were
recorded using PSTrace and exported for further analysis using a Python
script (version 3.11.3). The three most promising parameters were used
for bioinformatics analysis. For the DPV measurement, these were first,
the current (I) at −0.3 V, which was related to the resazurin concentration,
and second, the potential (U) of the peak maximum, which shifted to a
more positive potential as pH decreased. The third parameter was the
impedance (Z) at 100 kHz of the EIS measurement. The detection of
bacterial growth in the acquired time series was performed by change
point detection (Pruned Exact Linear Time (PELT) algorithm) using
the ruptures package version 1.1.7 [43] and significance detection by
the SciPy package version 1.10.1.[44] Potential values for detecting the
Peakshift were used without prior adjustments. For I and Z, only values
after reaching equilibrium, determined according to Dalheim et al.,[45]

were used. In addition, the change point detection method for detecting
growth by current was performed on the first derivative of I. Each change
point was then analyzed for significant differences between the first
derivative of the time series values used for change point detection and
the corresponding control without bacterial growth. Only change points
with significant differences (paired t-test, p < 0.05 was considered as
significant) to 4 out of 5 independent control samples were considered
as significant change points and displayed in plots as growth detected.
Evaluation of a combination of parameters was performed by calculating
a score ranging from 0 to 3, which increased by 1 for each significant
change point of a parameter at the analysis timepoint and 1 h before. The
score was restricted to a maximum increase of 1 by each parameter, with
a score of 2 or more indicating growth detected. Plots were created using
the package matplotlib.

The performance of the AST method compared to the AST method us-
ing the agar diffusion test was calculated according to Equations (2)–(5),
whereby the presence of a resistance to the tested antibiotic was defined
as a positive condition. The number of positive (P) and negative (N) con-
ditions were determined according to the results of the agar diffusion test.
True positives (TP) and true negatives (TN) were test results of the AST
method to be evaluated that indicate the presence or absence of resistance
in accordance with the agar diffusion test. False positive (FP) and false
negative (FN), on the other hand, were test results of the AST method to

be evaluated that indicated the presence or absence of resistance contrary
to the results of the agar diffusion test.

Sensitivity = TP
T

(2)

Specificity = TN
N

(3)

Positive predictive value (PPV) = TP
TP + FP

(4)

Negative predictive value (NPV) = TN
TN + FN

(5)
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Abstract: Improving medical implants with functional polymer coatings is an effective way to further
improve the level of medical care. Antibacterial and biofilm-preventing properties are particularly
desirable in the area of wound healing, since there is a generally high risk of infection, often with
a chronic course in the case of biofilm formation. To prevent this we here report a polymeric de-
sign of polymer-bound N-acetyl-glucosamine-oligoethylene glycol residues that mimic a cationic,
antibacterial, and biocompatible chitosan surface. The combination of easy to use, crosslinkable,
thin, potentially 3D-printable polymethacrylate layering with antibacterial and biocompatible func-
tional components will be particularly advantageous in the medical field to support a wide range
of implants as well as wound dressings. Different polymers containing a N-acetylglucosamine-
methacryloyl residue with oligoethylene glycol linkers and a methacryloyl benzophenone crosslinker
were synthesized by free radical polymerization. The functional monomers and corresponding
polymers were characterized by 1H, 13C NMR, and infrared (IR) spectroscopy. The polymers showed
no cytotoxic or antiadhesive effects on fibroblasts as demonstrated by extract and direct contact cell
culture methods. Biofilm formation was reduced by up to 70% and antibacterial growth by 1.2 log,
particularly for the 5% GlcNAc-4EG polymer, as observed for Escherichia coli and Staphylococcus
aureus as clinically relevant Gram-negative and Gram-positive model pathogens.

Keywords: carbohydrates; glycosides; antibacterial; antibiofilm; MRSA; E. coli; biocompatible

1. Introduction

Bacterial wound infections are a major health problem, comparable to infections subse-
quent to surgical procedures, especially when a biofilm is formed significantly reducing the
susceptibility of bacteria to antibiotics [1–3]. In combination with the increasing number
of reported multidrug-resistant pathogens, antibiotic resistant bacterial infections are a
clinical problem that will become even more acute in the future [4]. An implant or scaffold
has to be functional for fibroblast or stem cells adhesion to ensure proper resorption of
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the implant into the surrounding tissue. This functionalization promotes adhesion often
unspecifically for all cells and organisms, including bacteria, leading to a “race to the
surface” [5,6], whereby the patient’s cells and bacteria compete to adhere to an implant’s
surface. The critical time window for this competition between body tissue and bacteria
has been determined to be the first 6 h after implantation, while a single bacteria can form a
biofilm within 24 h [7]. After 48–96 h, the biofilm becomes resistant to therapeutic treatment
as the formed matrix renders the encapsulated bacteria less susceptible to host defense
mechanisms and antibiotic therapy [8–12]. Conventionally, antibiotic prophylaxis is used
in both implant surgery and traumatic wound care to reduce the likelihood of bacterial
infections [13,14]. However, the problem of increasing multidrug-resistant bacteria, particu-
larly in clinical settings, has led to a re-evaluation of the extensive use of antibiotics [15,16].
To some degree, reducing the usage of systemic antibiotics can prevent the emergence
of new multidrug-resistant pathogens. In order to prevent infections even with reduced
administration of antibiotics, other antimicrobial mechanisms must also be applied, such
as antimicrobial modification of surfaces or addition of nanoparticles [17–19].

Cationic polymers have been widely described in articles and reviews with regard to
their antibacterial properties and use in self-disinfecting surfaces; most contain a quater-
nary ammonium group or alkyl pyridinium group as the functional component [20–25].
The mechanism of action of these cationic polymers in solution is well described by
the Shai-Matsuzaki-Huang (SMH) model [26–28]. The antibacterial action of surfaces
coated with cationic polymers is thought to follow a similar mechanism through polymeric
brushes [21,29–33], but some publications describe a simple monolayer of cationic groups
as being antibacterial as well [34]. Murata et al. propose a mechanism driven mainly by
surface charge instead of insertion of cationic polymer brushes into the bacterial cell wall,
following an SMH-like mechanism [20]. The exact mechanism of the antibacterial effect of
cationic polymers requires further discussion and clarification.

Chitosan is a cationic polymeric aminoglycan, consisting of N-acetylglucosamine
(GlcNAc) and glucosamine repeating units; it is used in tissue engineering applications
such as bone tissue engineering [35–37], stem cell encapsulation [38–40], and wound
dressing [41,42]. The polymer is thought to exhibit its antibacterial properties through a
cationic mechanism via glucosamine’s amino group by disrupting the outer and inner
bacterial cell membrane [43–45] and has been shown to mediate biofilm formation of
Actinobacillus pleuromoniae [46]. The corresponding monomer, GlcNAc, has been shown to
prevent biofilm formation by Escherichia coli [47]. Because of its insolubility in water and
organic solvents, except ionic liquids, chitosan has been used in several polymeric modifica-
tions to combine its proliferative and antibacterial properties with the mechanical stiffness
of other polymers, taking advantage of different synthetic polymers or nanoparticles,
rendering it useful for biomedical applications [48].

Another group of antimicrobial compounds is the 1,2,3-triazoles, which exhibit an-
tibacterial activity mainly through formation of hydrogen bonds of the triazole ring with
other moieties, forming a cationic surface and possibly leading to an SMH-like antibacterial
mechanism [49]. These 1,2,3-triazoles can easily be introduced by Huisgen 1,3-dipolar
cycloaddition of an azide and alkyne, without the need for complicated workup proce-
dures or toxic and expensive reagents, making it suitable for polymer modifications [50,51].
Several polymers modified in this way are listed in a library of (1,2,3-triazol-1-yl)quinazolin-
4-ones and have shown antibacterial properties against Gram-positive and Gram-negative
bacteria [52,53]. In addition, a library of 1,2,3-triazol-sucrose derivatives showed antifungal
and antibacterial properties while maintaining low cytotoxicity against non-tumor cell
lines [54–56].

An additional approach is the design of antiadhesive surfaces to prevent colonization
of implant surfaces. Pandiyarajan et al. [57] described a surface-attached hydrogel network,
consisting of poly-dimethacrylamide copolymerized with methacryloyl benzophenone
(MBP), that had antiadhesive properties against proteins and blood platelets. Surface
anchoring was accomplished via photoactive UV crosslinking of the benzophenone moi-
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ety [57]. The benzophenone undergoes a UV-induced, radical C–H insertion reaction, as
reviewed by Prucker et al. [58] rendering it suitable for functionalization of polymeric
surfaces to obtain stable, covalently attached hydrogel networks [58]. To the best of our
knowledge, there is no description of combining the antimicrobial properties of a cationic
GlcNAc residue with an antiadhesive, UV-crosslinkable acrylamide hydrogel in order to
reduce microbial contamination of implant surfaces in the literature.

In this study, we combined the previously described approaches that resulted in a
surface-bound poly-dimethacrylamide methyl (PDMAm) network with UV-induced an-
choring via benzophenone, combining it with a GlcNAc residue containing a triazole and a
distinct linker to the PDMAm network backbone. We thereby mimicked an antimicrobial
chitosan surface while taking advantage of the antiadhesive PDMAm hydrogel as base
layer. The hydrogel network can be easily obtained via solvent casting of the polymer
solution, followed by UV crosslinking. We investigated the effect of the combinatorial ap-
proach of triazole functional groups and chitosan-mimicking surfaces on the antimicrobial,
antibiofilm, and biocompatible properties of such coatings.

2. Experimental Section
2.1. Chemical Synthesis and Characterization
2.1.1. General Methods

TLC was carried out on Silica Gel 60 F254 (Merck KGaA, Darmstadt, Germany, layer
thickness 0.2 mm) with detection by UV light (254 nm) or by charring with 1% KMnO4
in 1N NaOH. Flash column chromatography (FC) was performed on M&N Silica Gel
60 (0.063–0.200 mm, MACHEREY-NAGEL GmbH, Düren, Germany). 1H NMR and 13C
NMR spectra were recorded on a Bruker Avance I 200, Bruker Avance II 400 (Bruker
Corporation, Billerica, MA, USA), or Varian Unity 500 (Varian, Palo Alto, CA, USA) spec-
trometer. Chemical shifts are reported in parts per million relative to solvent signals
(CDCl3: δH = 7.26 ppm, δC = 77.0 ppm; DMSO-d6: δH = 2.49 ppm, δC = 39.7 ppm; CD3OD:
δH = 4.78 ppm, δC = 49.3 ppm). Signals were assigned by first-order analysis, and assign-
ments were supported, where feasible, by 2-dimensional 1H, 1H and 1H, 13C correlation
spectroscopy. Coupling constants are reported in hertz. Chemicals and reagents were
purchased from Acros Organics (Geel, Belgium), Sigma-Aldrich (Munich, Germany), Carl
Roth (Karlsruhe, Germany), ABCR (Karlsruhe, Germany), or MCAT (Donaueschingen,
Germany) and were used without further purification.

2.1.2. Synthesis of Azido Linkers 2, 4, 5, 6

Azido linkers were synthesized according to a procedure published by Mahou and
Wandrey [59], following a cascade of sequential tosylation and NaN3 substitution steps.
For diethylene glycol linker 2, 2-(2-chloro-ethoxy)-ethanol was chosen as the starting
material instead of the tosylated diethylene glycol residue, according to another published
procedure [60].

2.1.3. General Tosylation Procedure

Tosylation was carried out according to a literature report [59]. The corresponding
linker (1 eq) and p-toluenesulfonyl chloride (1.1 eq) were dissolved in dichloromethane
(DCM) at 0 ◦C and NEt3 (2 eq) was added. After stirring for 2 h, the ice bath was removed
and the mixture stirred overnight at room temperature. Washing twice with water and
once with brine, followed by evaporation of the solvent, yielded the tosylated linker as a
yellowish oil.

2.1.4. Chain Prolongment of Azido Linkers via Tosylate 5, 6

Chain prolongment was carried out according to the literature [59]. Tosylated azido
linker 4 (1 eq) and NaH (1.1 eq) were suspended in water-free tetrahydrofuran (THF)
under Ar atmosphere. After stirring for 30 min at room temperature, diethylene glycol for
product 5 or 1,8-octanediol for product 6 (5 eq) was added dropwise to the mixture. After
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stirring for 48 h under reflux, H2O was added, the solvent evaporated, and the aqueous
layer extracted 3× with DCM Washing 2× with NaOH, followed by evaporation of the
solvent and column chromatography (ethyl acetate/methanol 19:1, Rf = 0.4), yielded the
pure products 5 and 6 as yellowish oils.

8-(2-{2-[2-(2-Azido-ethoxy)-ethoxy]-ethoxy}-ethoxy)-octan-1-ol 6

Yield: 71%
1H-NMR (CDCl3, 400 MHz): 3.71–3.63 (m, 14H, O–CH2), 3.59 (dt, J = 4.5, 1.2 Hz, 2H,

O–CH2), 3.46 (t, J = 6.8 Hz, 2H, O–CH2), 3.40 (t, J = 5.1 Hz, 2H, N3–CH2), 1.57 (dt, J = 13.2,
6.5 Hz, 4H, CH2), 1.40–1.29 (m, J = 17.9 Hz, 8H, CH2).

13C-NMR (CDCl3, 100 MHz): 71.48 (O–CH2), 70.72 (O–CH2), 70.70 (O–CH2), 70.65
(O–CH2), 70.61 (O–CH2), 70.08 (O–CH2), 70.04 (O–CH2), 63.01 (O–CH2), 50.70 (N3–CH2),
32.77 (CH2), 29.60 (CH2), 29.39 (CH2), 29.33 (CH2), 26.00 (CH2), 25.66 (CH2).

2.1.5. General Procedure for the Synthesis of Azidomethacrylates 7–10

Azido methacrylates were synthesized as published [61]. Briefly, azido linker (1 eq)
and NEt3 (1.3 eq) were dissolved in water-free DCM in a sealed Schlenk flask under
Ar atmosphere cooled in an ice bath to 0 ◦C. Methacryloyl chloride (1.2 eq) was added
dropwise to the mixture. The solution was allowed to warm to room temperature and
stirred at room temperature overnight. Washing with 1M H2SO4 (3×, equal volume to
solvent) followed by drying over Na2SO4 and evaporation of the solvent yielded the crude
product. Further purification by column chromatography (ethyl acetate/hexane 1:10)
yielded the pure products.

2-Methyl-acrylic acid 2-(2-azido-ethoxy)-ethyl ester 7

Yield: 81%
1H-NMR (CDCl3, 400 MHz): 6.17 (s, 1H, CH2), 5.60 (s, 1H, CH2), 4.34 (t, J = 4.7 Hz,

2H, O–CH2), 3.78 (t, J = 4.7, 2H, O–CH2), 3.71 (t, J = 5.0, 2H, O–CH2), 3.40 (t, J = 4.9, 2H,
CH2–N3), 1.98 (s, 3H, CH3).

13C-NMR (CDCl3, 100 MHz): 167.3 (C=O), 136.1 [C(CH3)(CH2)], 125.9 (C=CH2),
70.1 (O–CH2),69.2 (O–CH2), 63.7 (O–CH2), 50.7 (N3–CH2), 18.3 (CH3).

2-Methyl-acrylic acid 2-{2-[2-(2-azido-ethoxy)-ethoxy]-ethoxy}-ethyl ester 8

Yield: 71%
1H-NMR (CDCl3, 400 MHz): 6.16 (s, 1H, CH2), 5.60 (s, 1H, CH2), 5.33 (t, J = 4.9 Hz,

2H, O–CH2), 3.77 (t, J = 3.8 Hz, 2H, O–CH2), 3.70 (s, 10H, O–CH2), 3,41 (t, J = 5.0 Hz, 2H,
CH2–N3), 1.97 (s, 3H, CH3).

13C-NMR (CDCl3, 100 MHz): 136.2 [C(CH3)(CH2)], 125.8 (C=CH2), 70.8 (O–CH2),
70.1 (O–CH2), 69.2 (O–CH2), 63.8 (O-CH2), 50.7 (N3–CH2), 18.3 (CH3).

2-Methyl-acrylic acid 2-[2-(2-{2-[2-(2-azido-ethoxy)-ethoxy]-ethoxy}-ethoxy)-ethoxy]-ethyl
ester 9

Yield: 55%
1H-NMR (CDCl3, 400 MHz): 6.17 (s, 1H, CH2), 5.60 (s, 1H, CH2), 4.34 (t, J = 4.7 Hz,

2H, O–CH2), 3.78 (t, J = 4.7, 2H, O–CH2), 3.71 (t, J = 5.0, 2H, O–CH2), 3.40 (t, J = 4.9, 2H,
CH2–N3), 1.98 (s, 3H, CH3).

13C-NMR (CDCl3, 100 MHz): 167.4 (C=O), 136.2 [C(CH3)(CH2)], 125.7 (C=CH2),
70.7 (O–CH2), 70.6 (O–CH2), 70.0 (O–CH2), 69.2 (O–CH2), 63.9 (O–CH2), 50.7 (N3–CH2),
18.3 (CH3).

2-Methyl-acrylic acid 8-(2-{2-[2-(2-azido-ethoxy)-ethoxy]-ethoxy}-ethoxy)-octyl ester 10

Yield: 66%
1H-NMR (CDCl3, 400 MHz): 6.11 (s, 1H, CH2), 5.56 (s, 1H, CH2), 4.15 (t, J = 6.7 Hz,

2H, O–CH2), 3.72–3.64 (m, 14H, O–CH2), 3.62–3.57 (m, 2H, O–CH2), 3.46 (t, J = 6.8 Hz, 2H,
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O–CH2), 3.41 (t, J = 5.1 Hz, 2H, N3–CH2), 1.96 (s, 2H, O–CH2), 1.73–1.64 (m, 2H, O–CH2),
1.62–1.57 (m, 2H, O–CH2), 1.44–1.26 (m, 8H, O–CH2).

13C-NMR (CDCl3, 100 MHz): 167.56 (C=O), 136.55 [C(CH3)(CH2)], 125.16 (C=CH2),
71.48 (O–CH2), 70.72 (O–CH2), 70.70 (O–CH2), 70.65 (O–CH2), 70.64 (O–CH2), 70.62 (O–CH2),
70.08 (O–CH2), 70.05 (O–CH2), 64.80 (O–CH2), 50.70 (N3–CH2), 29.61 (CH2), 29.36 (CH2),
29.21 (CH2), 28.60 (CH2), 26.02 (CH2), 25.93 (CH2), 18.34 (CH3).

2.1.6. General Procedure for Click Reaction of Azidomethacrylates with 13

The click reaction was carried out under optimized conditions according to Schmidt et al.
2014 [62]. Azido methacrylate (1 eq) and propargyl GlcNAc 13 (1 eq) were dissolved
in a mixture of dichloromethane/methanol/water (10:10:3). Then, CuSO4 (0.04 eq),
tris(benzyltriazolylmethyl)amine (TBTA) (0.01 eq), and sodium ascorbate (0.22 eq) were
added, and the mixture was heated to reflux for 1 h. After cooldown and adding water, the
solution was extracted 3 times with dichloromethane, the organic layer dried over Na2SO4,
and the solvent evaporated in vacuum. Column chromatography yielded the products as
yellowish oil.

2-Methyl-acrylic acid 2-{2-[4-(3-acetylamino-4,5-dihydroxy-6-hydroxymethyl-tetrahydro-
pyran-2-yloxymethyl)-[1,2,3]triazol-1-yl]-ethoxy}-ethyl ester 11a

Yield: 75%
1H-NMR (CDCl3, 400 MHz): 7.67 (s, 1H, Ar-H), 6.03 (s, 1H, CH2), 5.84 (s, 1H, H-1),

5.54 (s, 1H, CH2), 5.16 (t, J = 9.2 Hz, 1H, H-3), 5.04 (t, J = 9.4 Hz, 1H, H-4), 4.83–4.75 (m, 3H,
O–CH2 + H-2), 4.49 (s, 2H, O–CH2), 4.24–4.19 (m, 2H, O–CH2), 4.07 (dd, J = 16.3, 9.5 Hz,
1H, H-6), 3.92 (s, 1H, H-6), 3.82 (s, 2H, O–CH2), 3.68–3.65 (m, 1H, H-5), 3.63 (t, J = 4.7 Hz,
2H, O–CH2), 2.03 (s, 3H, C(O)CH3), 1.96 (s, 3H, C(O)CH3), 1.95 (s, 3H, C(O)CH3), 1.87 (s,
3H, C(O)CH3), 1.79 (s, 3H, CH3).

2-Methyl-acrylic acid 2-[2-(2-{2-[4-(4,5-diacetoxy-6-acetoxymethyl-3-acetylamino-
tetrahydro-pyran-2-yloxymethyl)-[1,2,3]triazol-1-yl]-ethoxy}-ethoxy)-ethoxy]-ethyl
ester 11b

Yield: 63%
1H-NMR (CDCl3, 400 MHz): 7.58 (s, 1H, Ar-H), 5.96 (s, 1H, CH2), 5.71 (d, J = 8.5 Hz,

1H, H-1), 5.42 (s, 1H, CH2), 5.05 (t, J = 9.9 Hz, 1H, H-3), 4.95 (t, J = 9.6 Hz, 1H, H-4), 4.78
(d, J = 12.3 Hz, 1H, H-2), 4.68 (dd, J = 23.6, 10.5 Hz, 2H, O–CH2–Ar), 4.39 (t, J = 4.7 Hz,
2H, O–CH2), 4.17–4.10 (m, 3H, O–CH2 + H-6), 3.99 (dd, J = 12.4, 2.1 Hz, 1H, H-6), 3.82 (dd,
J = 18.0, 8.5 Hz, 1H, H-5), 3.72 (t, J = 5.0 Hz, 2H, O–CH2), 3.60–3.57 (m, 2H, O–CH2),
3.53–3.45 (m, 10H, O–CH2), 1.94 [s, 2H, C(O)CH3], 1.87 [s, 3H, C(O)CH3], 1.86 [s, 3H,
C(O)CH3], 1.79 [s, 3H, C(O)CH3], 1.69 (s, 3H, CH3).

2-Methyl-acrylic acid
2-(2-{2-[2-(2-{2-[4-(3-acetylamino-4,5-dihydroxy-6-hydroxymethyl-tetrahydro-pyran-2-
yloxymethyl)-[1,2,3]triazol-1-yl]-ethoxy}-ethoxy)-ethoxy]-ethoxy}-ethoxy)-ethyl ester 11c

Yield: 56%
1H-NMR (CDCl3, 400 MHz): 7.76 (s, 1H, Ar–H), 6.12 (s, 1H, CH2), 6.05 (d, J = 8.4 Hz,

1H, H-1), 5.57 (d, J = 1.6 Hz, 1H, CH2), 5.23 (t, J = 9.9 Hz, 1H, H-3), 5.09 (t, J = 9.6 Hz, 1H,
H-4), 4.94 (d, J = 12.6 Hz, 1H, H-2), 4.84 (dd, J = 33.4, 10.4 Hz, 2H, O–CH2–Ar), 4.54 (t,
J = 4.8 Hz, 2H, O–CH2), 4.32–4.23 (m, 3H, O–CH2 + H-6), 4.14 (dd, J = 12.4, 2.1 Hz, 1H,
H-6), 3.87 (t, J = 5.0 Hz, 2H, O–CH2), 3.77–3.71 (m, 3H, O-CH2 + H-5), 3.68–3.59 (m, 20H,
O–CH2), 2.09 (s, 3H, C(O)CH3), 2.02 (s, 3H, C(O)CH3), 2.01 (s, 3H, C(O)CH3), 1.94 (s, 3H,
C(O)CH3), 1.85 (s, 3H, CH3).
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2-Methyl-acrylic acid
8-{2-[2-(2-{2-[4-(4,5-diacetoxy-6-acetoxymethyl-3-acetylamino-tetrahydro-pyran-2-
yloxymethyl)-[1,2,3]triazol-1-yl]-ethoxy}-ethoxy)-ethoxy]-ethoxy}-octyl ester 11d

Yield: 86%
1H-NMR (CDCl3, 400 MHz): 7.61 (s, 1H, Ar-H), 5.94 (s, 1H, CH2), 5.85 (d, J = 8.6 Hz,

1H, H1), 5.39 (s, 1H, CH2), 5.08 (t, J = 9.9 Hz, 1H, H3), 4.94 (t, J = 9.6 Hz, 1H, H4), 4.82–4.60
(m, 3H, H2 + Ar–CH2–O), 4.41–4.34 (m, 2H, O–CH2), 4.25–4.08 (m, 2H, H6), 4.02–3.92 (m,
2H, O–CH2), 3.63–3.54 (m, 1H, H5), 3.51–3.45 (m, 10H, O–CH2), 3.43–3.39 (m, 2H, O–CH2),
3.28 (t, J = 6.8 Hz, 2H, O–CH2), 1.94 (s, 3H, CH3), 1.87 (s, 3H, CH3), 1.86 (s, 3H, CH3), 1.78
(s, 3H, CH3), 1.69 (s, 3H, CH3), 1.56–1.37 (m, 5H, CH2), 1.22–1.13 (m, 9H, CH2).

2.1.7. General Procedure for Click Reaction of Azidomethacrylates with Propargyl Alcohol

The click reaction with propargyl alcohol was carried out under conditions as pre-
viously published [62]. Briefly, azido methacrylate (1 eq) and propargyl alcohol (1.3 eq)
were dissolved in a mixture of dichloromethane/methanol/water (10:10:3). Then, CuSO4
(0.04 eq), TBTA (0.01 eq), and sodium ascorbate (0.22 eq) were added, and the mixture
was heated to reflux overnight. After cooldown and adding water, the solution was ex-
tracted 3 times with dichloromethane, the organic layer dried over Na2SO4, and the solvent
evaporated in vacuo. Column chromatography (ethyl acetate/methanol, 4:1) yielded the
products as yellow oils.

2-Methyl-acrylic acid 2-[2-(4-hydroxymethyl-[1,2,3]triazol-1-yl)-ethoxy]-ethyl ester 12a

Yield: 18%
1H-NMR (CDCl3, 200 MHz): 7.68 (s, 1H, Ar–H), 6.10 (dd, J = 1.5, 1.0 Hz, 1H, CH2),

5.60 (p, J = 1.6 Hz, 1H, CH2), 4.77 (s, 2H, CH2), 4.54 (t, J = 5.0 Hz, 2H, O–CH2), 4.29 (t,
J = 4.7 Hz, 2H, O–CH2), 3.87 (t, J = 5.1 Hz, 2H, O–CH2), 3.69 (ddd, J = 5.4, 4.0, 2.1 Hz, 2H,
O–CH2), 1.94 (dd, J = 1.5, 1.0 Hz, 3H, CH3).

13C-NMR (CDCl3, 50 MHz): 125.88 (C=CH2), 115.58, 69.40 (O–CH2), 69.20 (O–CH2),
69.04 (O–CH2), 63.42 (O–CH2), 50.30 (N–CH2), 18.21 (CH3).

2-Methyl-acrylic acid 2-[2-(4-hydroxymethyl-[1,2,3]triazol-1-yl)-ethoxy]-ethyl ester 12b

Yield: 39%
1H-NMR (CDCl3, 200 MHz): 7.76 (s, 1H, Ar–H), 6.11 (dd, J = 1.5, 0.9 Hz, 1H, CH2),

5.57 (p, J = 1.6 Hz, 1H, CH2), 4.78 (s, 2H, CH2), 4.53 (t, J = 5.3 Hz, 2H, CH2), 4.29 (dd, J = 5.7,
4.2 Hz, 2H, CH2), 3.86 (t, J = 5.2 Hz, 2H, CH2), 3.74 (dd, J = 5.5, 4.2 Hz, 2H, CH2), 3.67–3.57
(m, 8H, CH2), 1.93 (s, 3H, CH3).

13C-NMR (CDCl3, 50 MHz): 125.68 [C(CH3)(CH2)], 122.87 (C=CH2), 70.62 (O–CH2),
70.58 (O–CH2), 70.51 (O–CH2), 70.48 (O–CH2), 69.41 (O–CH2), 69.12 (O–CH2), 63.74
(O–CH2), 56.52 (O–CH2), 50.23 (N–CH2), 18.21 (CH3).

2-Methyl-acrylic acid 2-{2-[2-(2-{2-[2-(4-hydroxymethyl-[1,2,3]triazol-1-yl)-ethoxy]-ethoxy}-
ethoxy)-ethoxy]-ethoxy}-ethyl ester 12c

Yield: 96%
1H-NMR (CDCl3, 600 MHz): 7.86 (s, 1H, Ar–H), 6.12 (dd, J = 1.6, 1.0 Hz, 2H, CH2),

5.56 (q, J = 1.6 Hz, 2H, CH2), 4.79 (s, 2H, CH2), 4.54 (t, J = 4.9 Hz, 2H, CH2), 4.30–4.27 (m,
2H, CH2), 3.86 (t, J = 4.9 Hz, 2H, CH2), 3.72 (dd, J = 5.5, 4.3 Hz, 2H, CH2), 3.65–3.59 (m,
16H, CH2), 2.37 (s, 1H, OH), 1.94 (dd, J = 1.5, 1.0 Hz, 3H, CH3).

13C-NMR (CDCl3, 200 MHz): 136.12 [C(CH3)(CH2)], 125.72 (C=CH2), 70.60 (O–CH2),
70.57 (O–CH2), 70.56 (O–CH2), 70.54 (O–CH2), 70.53 (O–CH2), 70.48 (O–CH2), 70.46
(O–CH2), 70.38 (O–CH2), 69.38 (O–CH2), 69.10 (O–CH2), 64.34 (O–CH2), 63.81 (O–CH2),
57.20 (O–CH2), 56.62 (O–CH2), 50.34 (N3–CH2), 30.57 (CH2), 18.28 (CH3).
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2.1.8. General Procedure for Free Radical Polymerization

Combined monomers (in general, dimethacrylamide, benzophenone methacrylate
14 and functional methacrylate 11a–d or 12a–c in given ratios (Table 1) were dissolved in
water-free THF under Ar atmosphere to a total monomer concentration of 2 M. Azobi-
sisobutyronitrile (AIBN) (0.01 mol%) was added and the reaction mixture heated to reflux
for 16 h. Cooldown followed by precipitation of the polymers in 10-fold excess iso-hexane
yielded the product as a white precipitate. The precipitate was dissolved in water and
lyophilized to obtain the product as a white powder.

Table 1. Overview of the synthesized PDMAm-polymers.

Polymer Calculated Ratio Found Ratio (via NMR)

MBP 14 [%] (a) 11 or 12 [%] (b) MBP vs. 11/12

GlcNAc-2EG 5% 5% 11a 30:1
5%-GlcNAc-4EG 5% 5% 11b 2:1

10%-GlcNAc-4EG 5% 10% 11b 1:2
25%-GlcNAc-4EG 5% 25% 11b 1:5

50%-GlcNAc-4EG (c) 5% 50% 11b -
GlcNAc-6EG 5% 5% 11c 3:1

GlcNAc-4EG-octyl 5% 5% 11d 6:1
HM-2EG 5% 5% 12a 1:1
HM-4EG 5% 5% 12b 1:1
HM-6EG 5% 5% 12c 1:1

PDMAm (d) 5% - -
(a) 4-methacryloyloxy-benzophenone (MBP). (b) Functional GlcNAc monomers (11), Functional 4-hydroxymethyl
monomers (12). (c) The 50%-GlcNAc-4EG polymer could not be obtained; instead, the reaction resulted in ester
hydrolysis of the methacrylic acid ester, yielding the GlcNAc-tetraethylene glycol clickamer only. (d) The PDMAm
polymer is the dimethacrylamide-co-methacryloyl benzophenone copolymer without additional functionality,
serving as control for cell culture and microbiology experiments.

2.1.9. General Deprotection Procedure of GlcNAc Polymers

Deprotection was carried out according to a standard Zemplén procedure [63]. Glc-
NAc polymers were dissolved in dry methanol in a sealed tube under Ar atmosphere.
NaOMe (30% solution in methanol; 0.2 eq referring to glycoside content) was added and
the mixture stirred at room temperature overnight. Water was added until the precipitated
polymers were dissolved. Addition of ion exchange resin (Dowex 50WX8, 200–400 mesh,
Carl Roth, Karlsruhe, Germany) followed by filtration and lyophilization yielded the prod-
ucts as yellowish powders. The crude polymer was further purified by 3 times dissolving
in methanol and precipitation in 10-fold excess of Et2O, followed by dissolution in ddH2O
and lyophilization. Pure polymers were obtained as white powder.

2.2. Preparation of Polymer Coatings

Polymers were diluted to a concentration of 25 or 5 mg/mL in a H2O/ethanol 5:1
mixture. The mixture was sterile filtered before use. From the mixture, 20 µL was pipetted
into each well of a 48-well plate, 34.6 µL into each well of a 24-well plate, or 5.76 µL into
each well of a 96-well plate. The plates were allowed to dry under sterile conditions for at
least 4 h and crosslinked with 3 J/cm2 UV light at 254 nm, followed by 3× washings with
250 µL of phosphate-buffered saline (PBS).

Coverslips were coated by carefully pipetting 10 µL of each polymer solution on a
13-mm PETG coverslip (Tissue Culture Coverslips 13 mm, Sarstedt, Nümbrecht, Germany)
to obtain a fully coated surface. The coverslips were let dry in air for at least 4 h, followed
by crosslinking with 3 J/cm2 at 254 nm. Washing 3× with ddH2O and 3× with ethanol,
followed by drying in an N2 stream yielded the final coating, which was used directly for
IR spectroscopy.
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2.3. Physicochemical Surface Characterization

IR data was recorded on a Tensor 27 FT-IR Spectrometer (Bruker, Germany). Scanning
electron microscope (SEM) images were obtained with an XL-30 SEM (Philips, Amsterdam,
Netherlands) at 10 kV. The samples were dried in vacuum and thereafter coated with an
approx. 5 nm thick Au/Pd layer (SC7620 sputter coater, Quorum, Laughton, UK). Images
were taken at a 40◦ tilted angle. Atomic force microscope (AFM) images were obtained
using a CoreAFM (Nanosurf, Liestal, Switzerland) with a TAP150GD-G tip (BudgetSensors,
Sofia, Bulgaria, tip radius <10 nm) in tapping mode.

2.4. Biological Evaluation
2.4.1. L-929 Mouse Fibroblast Cell Culture

L-929 mouse fibroblasts were a gift from Dr. Oliver Podlech (CleanControlling GmbH,
Emmingen-Liptingen, Germany). Media and reagents were purchased from Sigma-Aldrich
(Taufkirchen, Germany). Sterile cell cultureware was purchased from VWR, Germany.
Fibroblasts were cultured in low-glucose Dulbecco’s Modified Eagle Medium (DMEM),
supplemented with 10% (v/v) fetal calf serum (FCS), 1% (v/v) penicillin-streptomycin
(10,000 U/mL) and 1% (v/v) L-glutamine. Cells were incubated at 37 ◦C and 5% CO2 in
a humidified incubator (CB series C150, Binder, Tuttlingen, Germany) and subculturing
was performed using trypsin/Ethylenediaminetetraacetic acid (EDTA) before reaching
confluency, approximately every third day.

2.4.2. Extract Test Using the MTT Assay

Polymer extracts were prepared according to USP standard [64]. Briefly, after coating
a 24-well plate with polymers followed by washing steps, 317 µL of DMEM (20 mL for
120-cm2 coated surface) was added and the coating incubated for 24 h at 37 ◦C in a
humidified 5% CO2 atmosphere. A cell suspension of L-929 in DMEM (100,000 cells/mL)
was added to an uncoated 96-well plate (treated for cell culture, 100 µL/well) and grown
to adherence overnight. Medium in each well was replaced by prepared extract medium
(100 µL) or medium containing 6% Dimethyl sulfoxide (DMSO) for the cytotoxicity positive
control and incubated for 72 h at 37 ◦C in a humidified 5% CO2 atmosphere. After 72 h,
medium was replaced by 110 µL of DMEM containing 10% of a 10mM MTT solution in
PBS. After incubating for 4 h in the incubator, 100 µL of 10% SDS in 0.01M HCl solution
was added and incubated for 4 h. Absorbance was measured at 570 nm using a Tecan
Infinite M2000 microplate reader. Cell viability was calculated as the percentage ratio of
averaged absorbance of triplicate wells containing extract versus the averaged absorbance
of untreated control wells.

2.4.3. Direct Contact Test Using the MTT Assay

Cell suspension (100,000 cells/mL) was added to a polymer-coated 96-well plate
(treated for cell culture, 100 µL each) and incubated over 24 and 48 h at 37 ◦C and 5% CO2
in a humidified incubator. At the end of incubation, the medium was removed, and 110 µL
of medium containing 10% of a 10 mM MTT solution in PBS was added. After incubating
the cells for 4 h at 37 ◦C in a humidified 5% CO2 atmosphere, 100 µL of 10% SDS in 0.01M
HCl was added and incubated for 4 h at 37 ◦C in 5% CO2. The absorbance was measured
at 570 nm using a microplate reader. Cell viability was calculated as the percentage ratio of
averaged absorbance of each triplicate well containing the same polymer coating versus
the averaged absorbance of uncoated control wells.

2.4.4. Bacterial Cell Culture

For antimicrobial tests, bacteria cell lines of Staphylococcus aureus (MRSA, DSM 28766)
and Escherichia coli (K12, DSM 498) were used. Bacterial strains were stored at −80 ◦C
in glycerol stocks. For each experiment, a new vial of bacterial strain was thawed and
incubated (Minitron, Infors HT, Bottmingen, Switzerland) overnight at 37 ◦C and 100 rpm
in LB medium before use in the experiments.
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2.4.5. Antibacterial Assay by Optical Density

The antibacterial effects of the polymers were evaluated using a direct contact method
according to ISO 22196 [65] with a thin film of bacteria solution in LB medium (high-
nutrition) or PBS (low-nutrition) between the polymer to be analyzed and a polymer
slide to ensure direct contact. A 24-well cell culture tissue plate coated with the polymers
to be tested was inoculated with 100 µL of bacterial suspension at a concentration of
3 × 105 cells/mL and sealed with a PETG coverslip. Bacterial solutions were prepared in
LB medium for the high-nutrition condition and in PBS for the low-nutrition condition. As
controls, wells without polymer coating were treated with bacteria suspension and medium
without cells. After incubating the plate for 24 h at 37 ◦C and 90% humidity, bacteria were
removed from the plates by addition of 1 mL of soybean casein digest lecithin polysorbate
broth (SCDLP), followed by pipetting up and down 4 times to detach all bacteria. From this
mixture, 200 µL was transferred to a 96-well plate in a series of dilutions. The 96-well plate
was sealed with parafilm and placed in a plate reader preheated to 37 ◦C. Optical density
at 600 nm was measured every 30 min over the next 12 h. The plate was shaken briefly
every 10 min to ensure distribution of nutrients. Measured values from each sample were
compared to determine the viability relative to that of untreated samples. The evaluation
time point was chosen to be in the exponential phase before reaching the inflection point.
For evaluation, the last time point was used for which Equation (1) was still fulfilled:

log
(
OD600nm,t+1

)
− 2 × log(OD600nm,t) + log

(
OD600nm,t−1

)

t − t−1
> 0 (1)

where OD600nm is the optical density at 600 nm for the different measuring points; t is
the measuring time of the data point to be evaluated; t+1 is the measuring point of the
subsequent data point and t−1 is the measuring point of the previous data point.

2.4.6. Antibacterial Assay by Colony-Forming Units

The antibacterial effects of the polymers were evaluated using a direct contact method
as a droplet of bacteria solution in PBS on top of the polymer. A bacterial overnight culture
in LB medium was centrifuged (10 min, 4000× g) and resuspended in PBS to an OD600
value of 0.2. Coated and uncoated PETG coverslips were inoculated in a 6-well tissue
culture plate with 100 µL of the prepared bacteria suspension. Uncoated PETG coverslips
were used as reference. The samples were cultured for 24 h at 37 ◦C and 90% humidity in a
humid chamber. Solutions were removed and transferred to a sterile tube. Each coverslip
was transferred to a 15 mL Falcon tube, covered with 900 µL of PBS, and treated in an
ultrasonic bath at 50 Hz for 15 min to remove bacteria. Both PBS fractions were combined,
vortexed for 1 min, and pipetted in a series of dilutions on LB agar plates in duplicate
(100 µL per dilution and plate). Agar plates were cultured at 37 ◦C in an incubator, followed
by counting of colony-forming units (CFU) after 24 h.

2.4.7. Crystal Violet Assay for Biofilm Assessment

Biofilm formation was assessed in 96-well plates by staining with crystal violet
dye. Briefly, 200 µL of a bacterial overnight culture, adjusted to a concentration of
3 × 105 cells/mL in lysogeny broth (LB) medium, was added to each sample. Empty
wells (in the outer row, in particular) were filled with 200 µL of PBS to prevent the samples
from drying out. The closed well plate was incubated for 24, 48, or 72 h at 37 ◦C in an
incubator without shaking. Then, OD600 was measured to ensure comparable cell growth
in each well. The medium was gently discarded without removing the biofilm, and the
samples were washed carefully 3 times with PBS, followed by fixing with 200 µL of ab-
solute ethanol. The ethanol was aspirated, and the samples were dried for 10 min under
sterile conditions. For biofilm staining, 200 µL of 0.5 wt% (wt/vol) crystal violet staining
solution in PBS was added to each sample, and the plate was incubated for 2 min at room
temperature. The staining solution was removed and the samples washed 6× with 200 µL
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of PBS to remove excess dye. The samples were left to dry overnight under a sterile bench,
followed by addition of 100 µL of ethanol to release the dye. After a 10 min incubation, the
mixture in each well was transferred to a new 96-well plate, and absorbance at 595 nm was
measured using a plate reader.

2.4.8. Extracellular Polymeric Substance (EPS) Assessment by Phenol-Sulfuric
Acid Method

In addition, the biofilm formation was assessed by analyzing the carbohydrates in the
formed biofilm. Therefore, the phenol-sulfuric acid method according to Masuko et al. [66]
was performed. Briefly, polymer coatings were treated in a 96-well plate as previously
described for the crystal violet assay and incubated for 24, 48 and 72 h at 37 ◦C in an
incubator without shaking. OD600 was measured to ensure comparable cell growth in
each well, and the medium was gently discarded. After 3 wash steps with sterile PBS,
the samples were fixed with 200 µl of absolute ethanol. The ethanol was gently aspirated,
and the samples were dried for 10 min under sterile conditions. A volume of 150 µl of
concentrated sulfuric acid was added to each well, immediately followed by 30 µl of 5%
phenol in water. The plate was incubated at 90 ◦C for 5 min and then cooled in an ice bath
for an additional 5 min. The absorbance at 490 nm was measured using a plate reader to
quantify EPS.

2.4.9. Live/Dead Staining

Besides the Crystal violet staining and EPS assessment, we also performed live/dead
staining using the bacteria live/dead staining kit (PromoCell GmbH, Heidelberg, Ger-
many). Polymer coatings were treated in a 96-well plate as previously described for the
crystal violet assay and incubated for 24, 48 and 72 h at 37 ◦C in an incubator without shak-
ing and stained accordingly to the manufacturer’s instructions. Briefly, biofilm samples
were washed 3 times with sterile 150 mM NaCl solution and stained for 15 min at room
temperature in the dark with an appropriate mixture of DMAO (ex/em 490/540) and EthD-
III (ex/em 530/630). Live bacteria with an intact cell membrane are stained fluorescent
green, whereas dead bacteria with a disrupted cell membrane are stained fluorescent red.
Labeled cells were imaged using the fluorescent microscope Observer.Z1 (Carl Zeiss AG,
Oberkochen, Germany) and processed using the software ZEN blue edition (Version 3.4,
Carl Zeiss AG, Oberkochen, Germany).

2.4.10. Statistical Analysis

Measurements for biological evaluation (bacterial and cell culture) were replicated
with n = 3 and expressed as mean ± standard deviation (SD) unless stated otherwise. Sta-
tistical significance was analyzed with pairwise Student’s t-test, and statistically significant
values were defined as p < 0.05 (*).

3. Results and Discussion
3.1. Monomer Synthesis

Azido linkers 3–6 were synthesized by sequential tosylation steps, followed by substi-
tution with either sodium azide or another linker fragment. Those prolonged linkers were
reacted to azido methacrylate 7–10, followed by click reaction to either functional GlcNAc
methacrylate 11a–d or their corresponding 4-hydroxymethyl methacrylate derivatives
12a–c. The detailed reaction sequences are shown in Figure 1.

3.2 Antimicrobial Coatings Related to Chitosan 57



Pharmaceutics 2021, 13, 1647 11 of 24
Pharmaceutics 2021, 13, x FOR PEER REVIEW 12 of 26 
 

 

 

Figure 1. Chemical Synthesis. (A) Reaction sequences leading to functional monomers 11a–d or 12a–c, respectively. Reac-

tion conditions: (a) NaN3, CH3CN, reflux, 16 h; (b) TsCl, NEt3, CH2Cl2, rt, 16 h; (c) NaH, THF, reflux, 48 h; (d) methacryloyl 

chloride, NEt3, CH2Cl2, 0 °C–rt, 16 h; and (e) CuSO4, TBTA, Na ascorbate, H2O/MeOH/CH2Cl2 3:10:10, 60 °C, 1 h. (B) Poly-

mer synthesis of functional N-acetylglucosamine (GlcNAc)-containing polymers. Benzophenone methacrylate 14 was co-

polymerized with glycosidic monomers 11a–d by free radical polymerization with AIBN, followed by Zemplén deprotec-

tion. (C) Polymer synthesis of functional 4-hydroxymethyl derivatives using 4-hydroxymethyl-[1,2,3]-triazo-1-yl deriva-

tives of functional monomers 12a–c of the polymers with AIBN. 

The functional glycoside, propargyl GlcNAc 13, was synthesized as described by 

Schmidt et al. [62]. N-Acetylglucosamine was used as starting material, followed by pro-

tection with acetyl groups, conversion of the peracetylated N-acetylglucosamine into an 

Figure 1. Chemical Synthesis. (A) Reaction sequences leading to functional monomers 11a–d or 12a–c, respectively. Reaction
conditions: (a) NaN3, CH3CN, reflux, 16 h; (b) TsCl, NEt3, CH2Cl2, rt, 16 h; (c) NaH, THF, reflux, 48 h; (d) methacryloyl
chloride, NEt3, CH2Cl2, 0 ◦C–rt, 16 h; and (e) CuSO4, TBTA, Na ascorbate, H2O/MeOH/CH2Cl2 3:10:10, 60 ◦C, 1 h.
(B) Polymer synthesis of functional N-acetylglucosamine (GlcNAc)-containing polymers. Benzophenone methacrylate 14
was copolymerized with glycosidic monomers 11a–d by free radical polymerization with AIBN, followed by Zemplén
deprotection. (C) Polymer synthesis of functional 4-hydroxymethyl derivatives using 4-hydroxymethyl-[1,2,3]-triazo-1-yl
derivatives of functional monomers 12a–c of the polymers with AIBN.

Azido linker 3 was synthesized by reacting 2-(2-chloroethoxy)-ethanol with sodium
azide (a) according to the literature [60]. Azido linkers 4–6 were synthesized via sequen-
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tial tosylation (b) and substitution steps with either sodium azide (a) or another linker
for chain prolongment. For the azido hexaethylene glycol linker 5, diethylene glycol
was used for chain prolongment as published Mahou et al. [59], and for the difunctional
azido tetraethyleneglycol octyl linker 6, 1,8-octanediol was used for chain prolongment.
Azidomethacrylates 7–10 were synthesized following published protocols, using methacry-
loyl chloride and triethylamine [61].

The functional glycoside, propargyl GlcNAc 13, was synthesized as described by
Schmidt et al. [62]. N-Acetylglucosamine was used as starting material, followed by
protection with acetyl groups, conversion of the peracetylated N-acetylglucosamine into
an oxazoline as glycoside donor, and further glycosidation using propargyl alcohol to
N-acetylpropargylglucosamine 13. For click functionalization, the optimized conditions
reported by Schmidt et al. [62] were used, yielding the GlcNAc-functionalized monomers
11a–d. To further elucidate antimicrobial properties of the combined triazole and linker in
the polymers, azido oligoethylene glycol methacrylates 7–9 were reacted under the same
conditions with propargyl alcohol to their 4-hydroxymethyl-[1,2,3]-triazo-1-yl counterparts
12a–c. The 4-hydroxymethyl derivatives 12a–c and the GlcNAc derivatives 11a–d were
used as functional monomers directly for polymerization.

3.2. Polymer Synthesis

Functional GlcNAc monomers 11a–d were successfully polymerized using free radical
polymerization with AIBN as radical starter (Figure 1B), followed by several purification
steps with precipitation and O-acetyl deprotection to the functional glycosidic polymer.
Functional 4-hydroxymethyl monomers 12a–c were polymerized using free radical poly-
merization with AIBN (Figure 1C) followed by purification and used directly because no
protection groups were involved. The 4-methacryloyloxy-benzophenone 14 was synthe-
sized according to the literature [57]. All synthesized polymers with their corresponding
abbreviations are listed in Table 1.

Analysis of the polymers and the copolymer ratio between MBP 14 and functional
monomers 11 or 12 was performed by 1H NMR spectroscopy, followed by 2-dimensional
measurements for glycosidic structure determination. The triazole proton, showing a
relatively isolated singlet at 7.96 ppm, was integrated against the benzophenone aro-
matic protons and against the N-acetyl group of the glycosidic monomers 11a–d. For the
4-hydroxymethyl derivatives 12a–c without glycoside, the triazole proton at 7.96 ppm was
integrated against the benzophenone protons only. The dimethacrylamide methyl (DMAm)
groups showed a broad multiplet at 2.98–2.75 ppm, which overlapped with the ethylene
glycol signals of comonomers 11 and 12; therefore, the integral ratio of those signals did
not match the actual copolymer ratio as shown in Figure 2. The multiplet integral was rela-
tively constant over all three copolymers of 11b, which had decreasing dimethacrylamide
content from 90% to 70%, whereas the content of 11b with a tetraethylene glycol linker
increased from 2.5% to 25%. Therefore, the DMAm content was not calculated using the
integral ratios. Successful deprotection of GlcNAc-containing polymers was confirmed
by disappearance of the O-acetyl groups in 1H NMR after the deprotection step. For the
4-hydroxymethyl-derivative comonomers 12a–c, adjusted copolymer ratios of 1:1 MBP
14 vs. 12 were obtained. In the GlcNAc copolymer group, consisting of copolymers with
comonomers 11a–d, different copolymer ratios of MBP 14 vs. 11 were obtained. Possible
mechanisms are ester hydrolysis during the Zemplén deprotection step of the GlcNAc
residue, because the 4-hydroxymethyl–containing polymeric counterparts did not show
different copolymer ratios of the benzophenone. Interestingly, the GlcNAc-4EG copolymers
showed no reduction in MBP content relative to the GlcNAc residue (Figure 2). Therefore,
different reactivities of benzophenone in combination with several GlcNAc-methacrylates
and oligoethylene glycol linkers are possible explanations.
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Figure 2. 1H-NMR spectra (600 MHz) of the 5%—(A), 10%—(B) and 25%—(C) GlcNAc-4EG polymers (Table 1). The
GlcNAc and 4-hydroxymethyl triazoles proton gave a distinct singlet at 7.96 ppm, whereas the benzophenones aromatic
protons gave signals from 7.66 to 6.67 ppm. Furthermore, the GlcNAc acetyl group singlet showed a signal at 1.75 ppm. The
broad multiplet from 2.98 to 2.75 ppm belongs to the dimethacrylamide methyl groups. Copolymer ratio was calculated
by the integral ratios of triazole-H vs. NAc vs. aromatic benzophenone-H. For the 4-hydroxymethyl comonomers, only
triazole-H was integrated vs. aromatic benzophenone-H. The figure shows the increasing triazole singlet (7.96 ppm) and
NAc singlet (1.75 ppm) with increasing comonomer ratio of 11b vs. the aromatic protons of MBP 14. The dimethacrylamide
multiplet between 2.98 and 2.75 ppm was relatively constant in all three spectra because it overlays the tetraethylene glycol.

Interestingly, the copolymerization of 50% GlcNAc-4EG-methacrylate monomer re-
sulted in ester hydrolysis of the methacrylate ester during polymerization, leading to the
propargyl GlcNAc tetraethylene glycol clickamer 15 (data not shown, cf. Supplementary
Materials), following the same workup procedure as for the other polymers.

3.3. Coating of PETG Coverslips

As the model material, polyethylene terephthalate glycol (PETG) coverslips were
coated with the functional polymers. Previous studies with MBP UV crosslinker in different
acrylamide scaffolds indicated that 3 J/cm2 was the optimum dose of UV irradiation to
obtain proper coating stability with minimum unreacted MBP left and minimum coating
degradation [57]. Following the crosslinking protocol with UV light (3 J/cm2, 254 nm) and
several washing steps with ddH2O and ethanol, stable polymer coatings were obtained
using the polymers listed in Table 1. Two concentrations of polymer solutions were applied
to the coverslips to obtain coatings of different thicknesses, which were investigated via IR
spectroscopy. Recorded spectra of four selected coatings are shown in Figure 3.
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Figure 3. Recorded Fourier transform-infrared spectra of selected functional PDMAm-co-P-benzophenone-MA-co-P-
GlcNAc-OEG-MA coatings (Table 1) containing 5% GlcNAc copolymer and linkers with 2, 4 and 6 ethylene glycol (EG)
units. Coatings obtained with 25 mg mL−1 coatings could be analyzed properly, whereas with 5 mg mL−1 coatings, the
terephthalate group of the PETG was the dominant signal in the recorded IR spectra.

The dominant peak at 1713 cm−1 of the terephthalate of PETG from the coverslip
blank disappeared in all polymeric coatings obtained by drop casting a 25 mg/mL solution
after crosslinking, wherein the peak of the dimethacrylamide dimethyl-carboxamide group
at 1621 cm−1 became visible as well as the copolymer ester groups at 1721 cm−1. The
presence of the GlcNAc residue was confirmed through the presence of glycosidic OH
groups, showing broad peaks at 3450 cm−1 and at 2925 cm−1. The stable coatings were
obtained using the polymers as listed in Table 1 with the given MBP copolymer ratios.
Therefore, apart from the synthesis, stable coatings using a 25 mg/mL casting solution
were obtained.

In coatings obtained by casting a 5 mg/mL polymer solution, the most dominant peak
in the IR spectra of the coatings was the PETG terephthalate peak at 1713 cm−1, followed
by a smaller peak of the dimethacrylamide dimethyl-carboxamide group at 1621 cm−1.
The copolymer ester groups at 1721 cm−1 were not visible at all compared with those of the
thicker 25 mg/mL coatings, possibly being overlaid by the dominant terephthalate peak.
As a result, the polymer coatings for antimicrobial studies and cytotoxicity evaluations
were prepared by casting a 25 mg/mL solution to obtain an appropriate coating thickness.

3.4. Surface Morphology

The surface morphology of the bioactive polymer coatings 5%-GlcNAc-6EG-PDMAm
and 5%-GlcNAc-4EG-PDMAm was investigated by SEM and AFM as shown in Figure 4.
SEM images were recorded at a tilted angle of 40 degrees. For the 5%-GlcNAc-4EG-
PDMAm, in the SEM image (Figure 4A), a textured surface showing small pores and a
sponge-like structure can be observed. Furthermore, small particles in the size of up to
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500 nm are present. The AFM surface topography (Figure 4B) confirms the topography.
Similar observations can be made for the GlcNAc-6EG coating (Figure 4C,D), but showing
less pore-like structures than the 5%-GlcNAc-PDMAm coating.
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3.5. Coating Sterilization

Due to the sterile demands for biocompatibility testing as well as for antimicrobial
activity testing against specified bacterial strains, the successful sterilization of the coating
was established prior to testing. Therefore, polymer solutions were sterile filtered with
a 0.2 µm sterile filter and handled under sterile condition in a biosafety cabinet during
coating of the corresponding surfaces, followed by crosslinking with 3 J/cm2 UV-C light
(254 nm). The polymer coated surfaces were then incubated for 24 h at 37 ◦C and further
24 h at room temperature in LB media in order to assess the sterility by absence of bacterial
growth. No bacterial growth could be observed for the coated chips under these conditions.

UV sterilization is an established method in food packing, water treatment, and
surface sterilization in medical settings [67,68]. For example, according to Bak et. al. [69],
a 4-log fold reduction in P. aeruginosa in catheter disinfection was obtained, using UV-C
light with a dosage of 40 mJ/cm2. In addition, clinical studies have shown the efficacy of
UV-C light against different fungi, by using a dosage of 41.25 mJ/cm2 from a commercially
available disinfecting device for medical settings [70,71]. In general, for a 90% inactivation
of bacterial pathogens, a UV-C dosage of 8 mJ/cm2 is needed [71], whereas, for ssRNA
viruses, an irradiation dose of 1.32–3.20 mJ/cm2 is needed [72]. Therefore, it can be
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concluded that residing pathogens as well as possible viral contaminations are eliminated
after the combination of sterile filtration and UV crosslinking of the benzophenone residue
in order to form the stable coating.

3.6. Antibacterial Activity

The antibacterial properties of the synthesized polymers were evaluated using
Escherichia coli (E. coli) as a Gram-negative model organism and multidrug-resistant
Staphylococcus aureus (MRSA) as a Gram-positive model organism. These organisms were
chosen as model organisms with clinical relevance for infections and biofilm formation [73].
The bacteria were cultured in high-nutrition (LB medium) and low-nutrition (PBS) environ-
ments to assess the effect of the polymers in different nutritional conditions.

In the high-nutrition environment, no effect of coatings on bacterial growth of E.
coli and S. aureus could be observed (Figure 5A). In contrast, under low-nutrition con-
ditions (Figure 5B), the 5%-GlcNAc-4EG (4061 ± 2184 CFU/cm2) and 5%-GlcNAc-6EG
(22,883 ± 5172 CFU/cm2) modified PDMAm coatings showed a reduction in bacterial
viability, compared with the untreated PETG chip (63,625 ± 13,320 CFU/cm2) and the
unmodified PDMAm coating (60,009 ± 17,207 CFU/cm2).
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Figure 5. Antibacterial evaluation of polymer coatings in high- and low-nutrition environments. PDMAm corresponds to
the unmodified acrylate coating. (A) Cell viability of Escherichia coli (E. coli) and multidrug-resistant Staphylococcus aureus
(MRSA) on polymer coatings in the high-nutrition environment was assessed according to antibacterial assay (optical
density, OD). Values are shown relative to that of the untreated sample. (B) Cell viability on polymer coatings in the
low-nutrition environment was assessed for E. coli (n = 4) and MRSA (n = 2) according to antibacterial assay (optical density,
OD, left graph) and in addition for MRSA (n = 3) according to the more sensitive antibacterial assay (colony-forming units,
CFU, right graph). Values are shown as mean ± SD. Significant changes were assessed by pairwise Student´s t-test (n.s., not
significant; * p < 0.05; ** p < 0.01; *** p < 0.001).
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Both the GlcNAc-2EG modified polymer and the triazole-bearing 4-hydroxymethyl
derivatives (4HM-2EG, 4HM-4EG and 4HM-6EG) did not show a considerable effect compared
with unmodified PDMAm, whereas the polymers 5%-GlcNAc-4EG and 5%-GlcNAc-6EG
showed a significant reduction in viable MRSA and E. coli in direct contact testing under
low-nutrition conditions (Figure 5B). Thus, viability was reduced by 1.2 log for the GlcNAc-
4EG modified hydrogel and by 0.4 log for the GlcNAc-6EG modified hydrogel. Higher
ratios of GlcNAc-4EG copolymer in the hydrogel network did not result in a stronger
antibacterial effect but resulted in bacterial viabilities similar to those of 4-hydroxymethyl
functionalized coatings.

In addition to evaluating the antibacterial effect on bacterial growth, we assessed
biofilm formation on the different hydrogels. The crystal violet assay for biofilm assessment
showed a decrease in biofilm formation for several polymers, as shown in Figure 6A,B.
In particular, the polymers 5%-GlcNAc-4EG and 5%-GlcNAc-6EG showed a significant
decrease in biofilm formation compared with the unfunctionalized PDMAm coating. They
showed a decrease in absorption at 595 nm for S. aureus of 0.46 ± 0.07 and 0.52 ± 0.12
compared with 0.89 ± 0.14, respectively. Biofilm formation for E. coli decreased even
more: 0.23 ± 0.07 and 0.42 ± 0.11 compared with 1.06 ± 0.11. Higher GlcNAc-4EG
copolymer content resulted in less biofilm inhibition (60–80% biofilm content) compared
with the unmodified PDMAm hydrogel. The effect was observed over a cultivation time
of 72 h (Figure 6B) and was confirmed by EPS analysis with the phenol-sulfuric acid
method described by Masuko et al. (Figure 6C) [66]. In addition, we analyzed the quantity
and viability of bacteria on the polymer coatings after 24, 48 and 72 h incubation, using
live/dead staining (Figure 6D). Even though the live staining with DMAO in combination
with the polymer coating resulted in high background noises, so that a low exposure
time had to be selected and the intensity of the fluorescent stained bacteria was low, the
overall effect of the polymer coatings could be confirmed. The quantity of bacteria was
significantly lower for the polymers 5%-GlcNAc-4EG and 5%-GlcNAc-6EG compared to
their respective controls 4HM-4EG and 4HM-6EG as can be seen in the brightfield images
(Figure 6D). Furthermore, it was observed that the proportion of dead cells, especially
on the 5%-GlcNAc-4EG, was higher than on the corresponding controls and particularly
on the unmodified PDMAm, where a mix of dead and alive cells was visible. Additional
images taken at 24, 48 and 72 h are shown in the supplementary materials (Figures S2–S4).

The inhibition of biofilm formation by GlcNAc was previously observed by Sicard
et al. for different E. coli strains, but not for S. aureus [47]. However, under high-nutrition
conditions, there was no longer any effect on bacterial growth observed. Antibacterial
effects in the low-nutrition environment were evaluated using the OD-method to identify
potential candidates and additionally evaluated for MRSA using the more sensitive CFU-
method, which is more conclusive, particularly in the lower measurement range. This is
attributed to the measurement procedure itself, since in the OD-method, although cells
in the process of dying make up only a small part of the population, they also lead to a
signal in the measurement. In contrast, only the most vital cells are taken into account in
the CFU-method, as these must be able to form their own colony. The observations in the
nutrient-rich environment may indicate that the polymer interferes in the metabolism of
specific substrates, as studies have shown that chitosan interferes with RNA and protein
synthesis [74–77]. Therefore, these substrates can no longer be used for biofilm formation
or as a source of nutrients. This would explain the observed decrease in biofilm formation
(high-nutrition) and bacteria viability under nutrient-poor conditions, whereas under
nutrient-rich conditions, the bacteria can use other substrates as a source of nutrients,
negating the growth-inhibiting effect. Another possible explanation for the lack of effect
on growth under high-nutrient levels is that a higher mortality rate might have been
present but was not measurable because it was obscured by significantly greater bacterial
proliferation. As a result, the effect of the coatings was only observable in the low-nutrition
medium, where bacterial growth was negligible and thus the increased mortality rate could
be observed [78]. Nevertheless, the antibiofilm effect was observed under the nutrient-rich
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conditions, so the effect seems to be only partially dependent on the nutrient condition.
The exact mechanism underlying the antibacterial and antibiofilm effect needs further
elucidation [76].
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Figure 6. Evaluation of biofilm formation of polymer coatings. PDMAm corresponds to the unmodified acrylate coating.
(A) Biofilm formation of E. coli and MRSA in the high-nutrition environment was assessed by crystal violet staining after
24 h of cultivation for all coatings as a first evaluation. (B) Biofilm formation of E. coli and MRSA in the high-nutrition
environment was assessed by crystal violet staining after 24, 48 and 72 h of cultivation for the most active polymer
coatings and their respective controls. Corresponding brightfield images are available in the supplementary materials
(Figure S1) (C) Extracellular polymeric substance (EPS) analysis of formed biofilm by E. coli and MRSA in the high-nutrition
environment was assessed by phenol-sulfuric acid method after 24, 48 and 72 h of cultivation for the most active polymer
coatings and their respective controls. (D) Live/Dead staining of E. coli and MRSA in the high-nutrition environment after
24, 48 and 72 h of cultivation for the most active polymer coatings and their respective controls. Magnification is 100×; scale
bar measures 0.1 mm. Values are shown as mean ± SD. Significant changes were assessed by pairwise Student´s t-test (n.s.,
not significant; * p < 0.05; ** p < 0.01; *** p < 0.001).

Comparison of the different synthesized coatings showed that linker length and the
amount of GlcNAc are critical parameters for the antibacterial and antibiofilm functionality
of the polymers. We found that the 4EG linker yielded the best results, whereas the 2EG
and 6EG linkers had decreased functionality. In addition, GlcNAc content affected the
antimicrobial and antibiofilm properties: the highest effect was achieved at 5% GlcNAc and
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decreased with higher GlcNAc contents for the 4EG linker. This shows that the 4EG linker
itself and therefore the length of the oligoethylene glycol brush affect biofilm formation
and antimicrobial properties. The reason for this is most likely the steric arrangement of the
functional groups and their distance from the sample surface. Depending on the distance,
different interaction possibilities exist between the modified groups and the cell wall or
membrane of the bacteria [79].

3.7. Cytotoxicity

A cytotoxicity evaluation of the polymeric coatings was carried out according to ISO
10993-5 standards using the extract method and the contact method. Extracts of the coatings
were prepared according to ISO 10993-12 and 6% DMSO was chosen as the positive control
for cytotoxicity. Cell viability was assessed by the MTT assay.

Cell viability was measured after 72 h of incubation with the prepared extracts (undi-
luted and diluted 4-fold with medium); results are shown in Figure 7A. No notable cyto-
toxic effect was observed for any GlcNAc-containing copolymer in the extract test. This
included the antimicrobial and antibiofilm polymer, 5% GlcNAc-containing PDMAm hy-
drogel (5%-GlcNAc-4EG), whose extracts resulted in no loss of fibroblast viability. The
4-hydroxymethyl copolymers containing a tetraethylene glycol (HM-4EG) or a hexaethy-
lene glycol linker (HM-6EG) showed minor decreases in cell viability: a 23% decrease for
the 4EG linker and a 12% decrease for the 6EG linker. The extract of the 4-hydroxymethyl
derivative with diethylene glycol linker (HM-2EG) showed no cytotoxicity.

For the direct contact test, the cell culture dish was directly coated with the polymers,
followed by crosslinking with UV light, 3 washing steps with phosphate buffer, and
seeding of cells onto the generated scaffolds. The observed cell viability after 24 and 48 h,
determined by MTT assay, is shown in Figure 7B. After 24 h, cell viability was generally
lower than that of the untreated cell culture dish, ranging between 60% and 80% for all
polymers including the non-modified PDMAm. After 48 h, the most functional polymer
against biofilms (5%-GlcNAc-4EG) and most other tested polymers showed only minor
reductions in cell viability, within the range of biological systems. Only the GlcNAc-
containing polymer with a diethylene glycol linker and the tetraethylene glycol octyl linker
showed decreases in cell viability after 48 h (32% and 37%, respectively).

Furthermore, images of the cells grown directly on the polymer coatings were taken,
as shown in Figure 8. Morphology of the cells grown directly on the coatings (Figure 8A–E)
is altered compared to the uncoated cell culture dish (Figure 8F). It can be observed that
the cell morphology is more spheroid like, which implies a lesser adhesion. Due to the
experimental conditions, where the coatings were washed after 24 or 48 h incubation prior
to addition of fresh media with MTT, an adequate adherence of the cells to the coatings
should be given or else the cells would have been washed away in these steps. Thereby,
it can be concluded that the L-929 Fibroblasts show adherent behavior to the coatings,
albeit lower than on standard cell culture plates. According to ISO 10993:5—evaluation
of cytotoxicity of biomaterials, growth inhibition of >30% compared with an untreated
control is considered indicative of cytotoxicity [80]. No polymers, except the GlcNAc-
2EG and GlcNAc-4EG-octyl polymers showed greater growth inhibition than 30%, and
therefore, all polymers except the GlcNAc-2EG and GlcNAc-4EG-octyl polymers can be
considered noncytotoxic.

66 3 Results and Discussion



Pharmaceutics 2021, 13, 1647 20 of 24Pharmaceutics 2021, 13, x FOR PEER REVIEW 21 of 26 
 

 

 

Figure 7. Cytotoxicity determination according to ISO 10993-5. (A) Cell viability measured with MTT assay after 72 h of 

incubation with 100% and 25% extracts; 6% DMSO was used as positive control for cytotoxicity. In both cases, no cytotox-

icity was observed for the antimicrobial 5%-GlcNAc-4EG polymer. (B) Cell viability in direct contact test after 24 and 48 

h, determined by MTT assay. The main functional polymer, 5%-GlcNAc-4EG, showed no more than a 20% decrease in cell 

viability by the direct contact test. 

Figure 7. Cytotoxicity determination according to ISO 10993-5. (A) Cell viability measured with MTT assay after 72 h of
incubation with 100% and 25% extracts; 6% DMSO was used as positive control for cytotoxicity. In both cases, no cytotoxicity
was observed for the antimicrobial 5%-GlcNAc-4EG polymer. (B) Cell viability in direct contact test after 24 and 48 h,
determined by MTT assay. The main functional polymer, 5%-GlcNAc-4EG, showed no more than a 20% decrease in cell
viability by the direct contact test.
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Figure 8. L-929 mouse fibroblasts grown on the coatings for 48 h. (A) GlcNAc-2EG-PDMAm,
(B) GlcNAc-4EG-PDMAm, (C) 10%-GlcNAc-4EG-PDMAm, (D) GlcNAc-6EG-PDMAm, (E) PDMAm,
(F) untreated cell culture dish. Morphology is altered to some extent, but cell viability is still given as
shown via MTT test in Figure 7, in which the shown polymers show no more than 20% reduction in
cell viability, so no cytotoxicity can be assumed.
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4. Conclusions

In summary, we demonstrated the successful synthesis of functionalized PDMAm
hydrogel networks, suitable for polymer surface coating via UV-induced C–H insertion
reaction. Stable coatings were obtained using benzophenone crosslinker chemistry. A
proper sterility of the surface after UV treatment for crosslinking was shown by the absence
of bacterial growth in sterile medium. The functionalized coatings showed antimicrobial
and antibiofilm properties, leading to a significant reduction of microbial biofilm formation
on the coated surface, for both Gram-positive (S. aureus) and Gram-negative (E. coli)
bacteria. We showed up to a 1.2 log decrease in colony-forming units of the clinically
relevant pathogen MRSA on surfaces treated with polymer coating. Non-cytotoxicity and
biocompatibility toward fibroblast cells, evaluated according to ISO 10993-5 standards, was
maintained. Overall, this work describes an interesting approach for decreasing bacterial
adhesion to surfaces by selective functionalization with antiadhesive and antimicrobial
molecules, preventing bacterial colonization and contamination of wound dressings or
surgical implants. The use of such coatings can not only prevent many surgically induced
infections or the formation of biofilms in chronic wounds but also help to accelerate wound
healing by favoring fibroblasts.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pharmaceutics13101647/s1. Figure S1: Brightfield images after crystal violet staining of
biofilm formation on polymer coatings. Figure S2: Fluorescent images after Live/Dead staining of E.
coli and MRSA in the high-nutrition environment after 24 h of cultivation. Figure S3: Fluorescent
images after Live/Dead staining of E. coli and MRSA in the high-nutrition environment after 48 h
of cultivation. Figure S4: Fluorescent images after Live/Dead staining of E. coli and MRSA in the
high-nutrition environment after 72 h of cultivation.
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a b s t r a c t

Chitosan derivatives substituted with benzophenone groups that can be cross-linked by ultraviolet light
were synthesized as coatings for PEEK substrates used in the construction of lumbar cages. The IC90

values of the benzophenone-modified chitosan polymers in solution before crosslinking were in the
same range as those reported for native chitosan. The resulting hydrogel surface after crosslinking
exhibited excellent antimicrobial properties and was highly effective (up to 5 log-fold) against clinically
relevant strains of methicillin-resistant S. aureus and E. coli. As a result, the coated surface also signifi-
cantly reduced biofilm formation. The coatings show good biocompatibility with numerous cell lines as
well as low levels of cytotoxicity (ISO 10993e5) and pyrogenicity (ISO 10993e11). The coatings also
exhibited strong antioxidant properties toward formed hydroxyl radicals in an in-vitro Fenton reaction.
Overall, substitution of chitosan with benzophenone residues is an interesting and important approach
to the functionalization of materials used for medical implants that are prone to microbial contamination
and mechanical failure. Biocompatible antimicrobial coatings might also be employed in photopatterning
methods used in the design of medical devices.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Chitosan is the deacetylated derivative of chitin that exhibits
antimicrobial properties due to the positive charge of the amino
groups of its constituent glucosamines. Due to this cationic prop-
erties, chitosan is able to disrupt the outer and inner bacterial cell
membrane [1e4], via interactions of its polycationic properties
with the negatively charged phosphocholine groups of the bacterial
cell wall as suggested by the Shai-Matsuzaki-Huang (SMH) model

of the behavior of cationic antimicrobial peptides in solution,
leading to the antimicrobial properties of chitosan as well [5,6]. This
is backed by a publication from Li et al., 2010, who investigated
E. coli after chitosan treatment under an electron microscope,
finding partly cell lysis and dissolved cell membranes of E. coli [7].
Another publication, analyzing an experimental chitosan coating,
showed cell lysis and cytosol leakage of S. epidermis on the sub-
strate [8]. As second potential mechanism, chitosan has been pro-
posed to bind DNA inside the bacterial cytosol, inhibiting mRNA
synthesis and therefore, inhibiting microbial growth and biofilm
formation. This ability also follows the electrostatic interaction
model, proposed by the SMH model, but refers to shorter chained
chitosan molecules, which are able to penetrate the cell wall. A
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study on E. coli using fluorescein-modified chitosan, analyzed with
a confocal laser microscope, shows an accumulation of chitosan
inside the bacteria [9]. A third proposed mechanism of chitosan is
based on its metal chelating ability [10]. Through this chelating
ability free Ca2þ andMg2þ cations, present in the bacterial cell wall,
are bound, leading to decreased enzyme activity in the cell wall
and,therefore, inhibition and disruption of bacterial growth
[1,11e14]. In all cases, the bacteria are disturbed in their meta-
bolism upon contact with the coated chitosan surface and, there-
fore, ultimately killed and unable to biofilm formation.

Due to these unique antimicrobial properties, several publica-
tions describe the use of chitosan for its antimicrobial properties in
medicine-related applications. For example, thiolated mucoadhe-
sive chitosan fibers prevent the growth of bacteria that cause dental
caries while exhibiting no cytotoxicity against relevant cell lines
[15]. Similarly, chitosan limits the formation of biofilms of Actino-
bacillus pleuromoniae [16]. Findings reported in another recent
publication revealed that the introduction of chitosan N-halamine
conjugates in hemostaticwound dressings resulted in a onemillion-
fold reduction in the extent of microbial contamination [17]. Other
applications for chitosan that have been widely described in the
literature include bone tissue engineering [18-20], stem cell
encapsulation [21e23], and wound dressings [24,25]. Unmodified
chitosan has only limited solubility in both aqueous and organic
solvents andexhibits comparativelypoormechanical properties and
heat resistance. Thus, the use of chitosan as an antimicrobial coating
formedical implants remains limited. However, the aforementioned
studies revealed that chitosan may serve as an attractive substrate
for specific functionalization designed to improve its properties and
use on implant surfaces prone to microbial infection.

Benzophenone is a UV-responsive crosslinker, described in
several publications over the last 30 years regarding photo-
patterning, including the generation of surface-anchored benzo-
phenone hydrogels that promote cell adhesion [26e28] and
micropatterning for analytical purposes [28e31] as well as for the
design of antimicrobial and anti-adhesive surfaces [26,32e35]. We
recently published a description of the synthesis of a
benzophenone-acrylamide hydrogel in which N-acetyl glucos-
amine units were connected by various oligoethylene glycol chains.
This hydrogel was used successfully to prevent microbial growth
and biofilm formation when used as a coating for polyethylene
terephthalate glycol (PETG) coverslips [36]. The mechanism of the
underlying crosslinking reaction has been extensively reviewed
[37-40]. Briefly, by activation through photons, benzophenone
forms a highly reactive triplet radical via n-p* or p-p* transition,
while the exact orbital transition depends on the wavelength [41].
This transition of a nonbonding n orbital of the oxygen into the p*-
LUMO of the carbonyl group leads to a biradicaloid state of the
benzophenone. The then formed electrophilic ketyl radical can
abstract a hydrogen atom from a nearby substrate or polymer chain,
leading to two alkyl radicals, undergoing recombination, and
therefore, crosslinking [42]. The kinetics of such CeH crosslinking
reactions, leading to surface-anchored polymer networks and their
surface-bond gelling kinetics, have also been described by Rühe
et al. 2016, showing unique, non-linear kinetics of the crosslinking
reaction inside the coating hydrogel network [43].

Functionalization of glycosidic polymers with benzophenone has
been described primarily for the design of UV-protective scaffolds. For
example, Heo et al. [44] described the modification of pullulan with
benzophenone that exhibited UV-absorption properties while main-
taining good biocompatibility, thereby suggesting its use in the for-
mulations of sunscreens [38]. Similarly, Morimoto et al. [38] described
the synthesis of UV-absorbing phenolic chitosan derivatives with
formaldehyde in a Mannich reaction [37]. Likewise, Hong et al. [45]
described the antimicrobial activity of benzophenone-modified

cotton; in this case, benzophenone functioned as an antimicrobial
agent after UV irradiation and radical activation [45].

Polyether ether ketone (PEEK) is a high-performance thermo-
plastic, showing similar mechanical properties like the Ti6Al4V ti-
tanium alloy which is commonly used in medical applications [46]
and displaying properties similar to human bone [47]. It is not
cytotoxic, nor does it degrade or leach ions into the surrounding
tissue [48]. Given these properties, it has been used for
manufacturing of a variety of medical implants, for example, spinal
cages [49e52], endoprotheses for hip replacement [53e55], or im-
plants for cranial reconstructions [56,57] which can also be manu-
factured in a 3D printing process [58e61]. Given its otherwise bio-
inert surface, tissue integration and osseointegration of PEEK is
still an issue of concern, leading to the need of proper surface
functionalization of PEEK implants [62]. Therefore, multiple ap-
proaches for surface functionalization have been described, for
example, deposition of inorganic substrates via atomic layer depo-
sition (ALD) [63]. Newer works aim at further improving the me-
chanical properties of PEEK, for example by blending with other
polymers and incorporation of carbon fibers [64] or calcium hy-
droxyapatite together with graphene [65]. A newer approach
focusses on polydopamine coating on PEEK, able to complex Ca2þ

ions in order to improve biocompatibility and bone mineralisation
on the PEEK surface [66]. Since the PEEK consists of a diphenyl ke-
tone group, similar to those present in benzophenone, this func-
tional group is able to undergo the same radical generation
mechanismvia the n-p* transition induced by UV light as usedwith
benzophenone, [67]. Further, it been employed as radical starter for
grafting-on approaches of polymer brushes using free radical poly-
merization [68,69] and ATRP [70,71], to mention a few examples.

While the antimicrobial properties of benzophenone-modified
polysaccharides have been studied extensively, to the best of our
best knowledge, there are no publications that describe
benzophenone-mediated, covalent surface anchoring of chitosan to
polymeric surfaces, especially PEEK, in order to exhibit its antimi-
crobial action on a real-world material used for medical implants
and devices. In this study, we describe the successful synthesis of
benzophenone-modified chitosan derivatives with varying degrees
of substitution. We herein report the successful surface function-
alization of PEEK with these chitosan derivatives including chem-
ical and physical surface characterization. We also examine their
antimicrobial activities, their biocompatibility according to ISO
10993e5, and their pyrogenicity as well as potentially anti-
inflammatory properties.

2. Experimental

2.1. Synthesis of chitosan derivatives

Chitosan (molecular weight 100,000e300,000 g/mol, Sigma
Aldrich, Germany) was dissolved in 1% (v/v) CH3COOH in ddH2O. A
mixture of 4-benzoyl-benzoic acid in tetrahydrofuran (THF,
100 mg/mL) was added, followed by 1-ethyl-3-(3-dimethyl-ami-
nopropyl)carbodiimide (EDC, 1 eq) was added and the mixture was
then stirred at room temperature for 60 h. Derivatized chitosanwas
precipitated in 5-fold excess of acetone, the precipitate filtered, and
re-precipitated two more times. The resulting material was dis-
solved in 100 mL ddH2O and dialyzed 5 times against an excess of
1 mM hydrochloric acid. After lyophilization, the benzophenone-
substituted chitosan derivatives were obtained as a white powder.

2.2. UV/vis and nuclear magnetic resonance (NMR) measurements

Benzophenone-substituted chitosan derivatives were dissolved
to 5 mg/mL in 1 mM HCl. The UV/Vis absorbance (220e600 nm) of
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various dilutions was measured in a Perkin Elmer Lambda
XLS þ photometer. Absorption at 263 nm was used to determine
the degree of functionalization, which was calculated from a
standard curve of 4-benzoyl-benzoic acid dissolved in ethanol, cf.
Fig. S1 in SupplementaryMaterial. Degree of substitution is given as
the ratio between determined benzophenone concentration in the
measured solutions and total polymer amount. NMR measure-
ments were performed in 1 mM deuterium chloride (DCl) in D2O in
a Varian Unity 500 NMR spectrometer. Chemical shifts are reported
in parts permillion relative to the solvent signal (D2O). Signals were
assigned by first-order analysis.

2.3. Coating formation

To generate polyether ether ketone (PEEK) sample coatings, a
rod of PEEK polymer (2 m length, 25 mm diameter, Schmidtþ Bartl
GmbH, Villingen-Schwenningen, Germany) was cut into 2 mm
chips using a lathe; the cut edges were deburred, and a smooth
surface was obtained by grinding with a lathe. The PEEK chips were
washed extensively with acetone, ethyl acetate, ethanol and water
in an ultrasonic bath. After drying of the chips, a 100 mL sterile-
filtered solution of the benzophenone-chitosan derivatives dis-
solved in 1 mM HCl to a concentration of 10 mg/mL was added to
cover the entire surface of the PEEK chip. The PEEK chip immersed
in solution was permitted to dry overnight in a sterile cabinet to
prevent dust contamination and then subjected to crosslinking
with UV-light (254 nm, 3 J/cm2) using a UV-crosslinker (Analy-
tikJena UVP Crosslinker 254 nm). After washing 2 times with excess
1 mM HCl and ddH2O, the chips were vacuum-dried for 16 h and
then used directly in the following experiments.

For cell culture dishes, a sterile-filtered solution of the
benzophenone-chitosan derivatives in 1 mM HCl (10 mg/mL for
625 mg/cm2, 5 mg/mL for 312 mg/cm2, and 1 mg/mL for 62.5 mg/cm2)
was added at 20 mL per well for 96-well plates or 60 mL per well for
24-well plates. The plate was permitted to dry overnight under a
sterile cabinet to prevent contamination andwhen then subjected to
crosslinkingwith UV light (254 nm, 3 J/cm2) as described above. The
plates were washed two times with 1mMHCl and oncewith ddH2O
(200 mL per well for 96-well plates or 1 mL per well for 24-well
plates). The plates were then dried to generate the final coatings
that were evaluated in cell culture and microbiology experiments.

2.4. Physicochemical surface characterization

Infrared (IR) spectra of the coated PEEK chips were obtained
using a PerkinElmer Spotlight 200 FT-IR microscope that was
attached to a PerkinElmer Frontier FT-IR spectrometer unit. A blank
PEEK chip was used as background. Difference spectra between
coated and uncoated PEEK chips were recorded to eliminate
interference from PEEK signals. Microscopic images were collected
using the FT-IR microscope in illumination mode and are shown
without any further processing. Scanning electron microscope
(SEM) images were taken at a 40� tilted angle using an XL-30 SEM
(Philips, Amsterdam, Netherlands) operating at 10 kV. Samples
were dried in a vacuum chamber, followed by coating with a 5 nm
thick Au/Pd layer (SC7620 sputter coater, Quorum, Laughton, UK).
X-ray photoelectron spectroscopy (XPS) was carried out using a
Physical Instruments Quantera SXM (Physical Instruments, Chan-
hassen, MN, USA) equipped with a monochromatic Al Ka

(1486.6 eV) X-ray source. X-ray beam had a diameter of 200 mm at
50 W, area of investigation was a square of 1.4 � 1.4 mm. SEM
coupled energy dispersive X-ray spectroscopy (SEM-EDS) was car-
ried out using a Phenom XL (Thermo Fisher Scientific, USA)
equipped with BDS, SED, and EDS detectors (15 kW of acceleration
voltages under high vacuum level). The sample was coated with

carbon prior to analysis and a copper wire was used for electrical
conduction between the sample and the manifold. The acquisition
data are present in the figures acquired with the instrument.
Atomic force microscope (AFM) images were recorded using a
CoreAFM (Nanosurf, Liestal, Switzerland) equipped with a
TAP150GD-G tip (BudgetSensors, Sofia, Bulgaria, tip radius <10 nm)
in tapping mode. Coating roughness on PEEK was measured with
an Alphastep 500 surface profiler (KLA Tencor) using a tip with
12.5 mm radius and a force of 61 mg. Profiles with a length of
1000 mmwere obtained with a scanning speed of 50 mm/s. Coating
thickness was determined by measuring the surface profile with
1000 mm length over a border of the coating to uncoated PEEK and
calculated by the difference in surface levels.

2.5. Biocompatibility studies

2.5.1. Cell culture
L-929 mouse fibroblasts were obtained from Dr. Oliver Podlech

(CleanControlling GmbH, Emmingen-Liptingen, Germany) and
cultured in low-glucose Dulbecco's Modified Eagle Medium
(DMEM), containing 10% (v/v) fetal calf serum (FCS), 1% penicillin-
streptomycin (10,000 U/mL) and 1% (v/v) L-glutamine. Human
umbilical vein endothelial cells (HUVECs, neonatal, pooled) were
obtained from Sigma Aldrich, Germany, and cultured in endothelial
cell growth medium (Sigma Aldrich, Germany). Saos-2 human
osteogenic sarcoma cells (Sigma Aldrich, Germany, DSMZ No. ACC
243) were cultured in McCoy's 5a medium supplemented with 10%
(v/v) FCS, 2 mM L-glutamine, and 1% penicillin-streptomycin
(10,000 U/mL). Mono Mac-6 monocytes (Sigma Aldrich, Germany,
DSMZ No. ACC 124) were maintained in RPMI-1640 (Sigma Aldrich,
Germany) supplemented with 10% (v/v) FCS, 1 mM sodium pyru-
vate, 10 mg/mL human insulin (Sigma Aldrich, Germany) and 1%
penicillin-streptomycin (10,000 U/mL). All cell lines used in these
studies were maintained in a humidified atmosphere supple-
mented with 5% CO2 at 37 �C in a tissue culture incubator (CB series
C150, Binder, Tuttlingen, Germany).

2.5.2. Cytotoxicity testing: extracts
Cytotoxicity testing of polymer extracts was performed accord-

ing to United States Pharmacopeia (USP) standards as previously
described [36,72]. Polymer extracts were obtained by coating the
wells of a 24-well plate with final polymers (Fig. 1) followed by the
addition of 317 mL cell culture media identified as suitable for the
cell line to be evaluated. After incubation for 24 h at 37 �C in a
humidified atmosphere, 100 mL of each polymer extract was added
to cells grown to adherence overnight (100,000 cells/mL). Medium
supplemented with 6% (v/v) DMSO was used as a positive control.
After 72 h, the medium was removed from each well and replaced
with 110 mL freshmedia supplemented with 10% of a 10 mM 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) so-
lution in phosphate-buffered saline (PBS), followed by 4 h incuba-
tion at 37 �C and 5% CO2 in a humidified atmosphere. in the
incubator. The formed formazan crystals were solubilized with
100 mL 10% sodium dodecyl sulfate (SDS; w/v) in 10 mM HCl fol-
lowed by incubation at 37 �C and 5% CO2 in an H2O-saturated at-
mosphere. Absorbance measurements (570 nm) obtained using a
Tecan Infinite M200 microplate reader provide a measurement of
cell viability in response to each extract; this value was calculated
from the ratio/percentage of the average absorbance measured in
triplicate wells of extract-treated versus non-treated cells. Standard
deviations for each of the triplicate samples are shown as error bars.

2.5.3. Cytotoxicity testing: contact
Cytotoxicity testing based on contact with the polymer was

performed as described in our previous publication [36]. A 100 mL
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cell suspension containing 100,000 cells/mL was added to a coated
96-well plate which was then incubated for 24 or 72 h. Themedium
was removed from each well and replaced with 110 mL of fresh
medium containing 10% of a 10 mM MTT solution in PBS. The cells
were then incubated for 4 h in an incubator. This was followed by
the addition of 100 mL of a 10% SDS solution in 10 mM HCl and
another incubation for 4 h in an incubator. Absorbance (570 nm)
was then measured using a Tecan Infinite M200 pro microplate
reader. Cell viability was calculated as mean absorbance measured
inwells containing polymer coatings versus uncoated control wells.
Each measurement was performed in triplicate with error bars
indicating standard deviation.

2.5.4. Interleukin (IL)-6 ELISA
Mono Mac-6 cells were used for quantitative evaluation of IL-6

expression. A 200 mL suspension containing 200,000 cells/mL was
aliquoted into wells of a polymer-coated 96-well plate, followed by
a 16 h incubation either with or without lipopolysaccharide (LPS,
500 ng/mL). Cells in uncoated wells treated with LPS (500 ng/mL)
and untreated cells served as positive and negative controls,
respectively. After 16 h incubation, the cells were collected by
centrifugation (300 g, 5 min at room temperature). Levels of
immunoreactive IL-6 were assessed in 100 mL samples of the
resulting supernatant by ELISA according to the manufacturer's

instructions (PeproTech Human IL-6 Standard ABTS ELISA Devel-
opment Kit). Absorbance after reaction quenching was measured at
450 nm using a Tecan Infinite M200 microplate reader. The IL-6
concentration in each biological replicate was calculated using
mean values from three triplicate wells. Error bars are used to
indicate standard deviation.

2.5.5. Expression of IL-1b, IL-8, and IL-10
One million Mono Mac-6 cells in 2 mL of medium were seeded

inwells of a 12-well plate coatedwith final benzophenone-chitosan
polymers and incubated for 16 h. LPS (500 ng/mL) was used as a
positive control for cytokine expression. The cells were collected by
centrifugation at 350g for 5 min at 4 �C. The cell pellets were
washed with 1 mL PBS and collected again by centrifugation. RNA
was extracted from the cell pellet using the MACHEREY-NAGEL
NucleoSpin® RNA Plus Kit according to the manufacturer's in-
structions. From the extracted RNA, 1 mg of each sample was con-
verted into cDNA using the Thermo Scientific RevertAid First Strand
cDNA Synthesis Kit according to the manufacturer's instructions.
GAPDH was used as the reference gene. Quantitative gene expres-
sion analysis was performed in triplicate experiments using the
Roche Light LightCycler® 480 II with Roche SYBR Green I mix ac-
cording to the manufacturer's instructions. Data shown are the
calculated ratios of interleukin RNA to GADPH. Error bars are used
to indicate standard deviation over three triplicates.

Fig. 1. Synthesis (A) and degree of substitution (ds) (D) of the chitosan derivatives. The degree of substitution determined calculated by stoichiometry matches that determined by
UV/vis spectroscopy (B). The 1H NMR spectrum confirms that the reaction between chitosan and 4-benzoyl-benzoic acid is chemoselective and results in substitution at the amino
group only (C).
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Primer sequences include
IL-1b fwd: 5‘-GAAGATGCTGGTTC-3‘
IL-1b rev: 5‘-TCCCATGTGTCGAAGAAGATAG-3‘
IL-8 fwd: 5‘-GAGCACTCCATAAGGCACAAA-3‘
IL-8 rev: 5‘-ATGGTTCCTTCCGGTGGT-3‘
IL-10 fwd: 5’-CATAAATTAGAGGTCTCCAAAATCG-3‘
IL-10 rev: 5’-AAGGGGCTGGGTCAGCTAT-3‘
GAPDH fwd: 5’-CTCTGCTCCTCCTGTTCGAC-3’
GAPDH rev: 50-CAATACGACCAAATCCGTTGAC-3’

2.6. Microbiology

2.6.1. Bacterial cell culture
Methicillin-resistant Staphylococcus aureus (MRSA, DSM 28766)

and Escherichia coli (K12, DSM 498) were used in the antimicrobial
assays. Glycerol stocks of these bacterial strains were stored
at �80 �C. A new overnight culture was initiated for each experi-
ment. Bacteria were incubated (Minitron, Infors HT, Bottmingen,
Switzerland) at 37 �C with aeration (rotation at 100 rpm) in
lysogeny broth (LB) medium. All bacterial suspensions were pre-
pared in LB medium.

2.6.2. Antibacterial assay for the evaluation of polymer coatings
A modified version of the direct contact method based on ISO

22196 and Skytta et al. was used to evaluate the antibacterial
properties of the polymer coatings [73,74]. Briefly, 200 mL of bac-
terial suspension a concentration of 5 � 103 cells/mL was added to
each well of a coated 96-well plate. A well without polymer
treatment was used for reference. The plate was sealed with par-
afilm to reduce evaporation and incubated for 24 h at 37 �C in a
humidified incubator. The bacterial cell suspension was removed,
and the wells were washed twice with 200 mL of sterile PBS.
Adherent bacteria that remained in direct contact with the coating
were removed with 200 mL of soybean casein digest lecithin poly-
sorbate broth (SCDLP); the suspension was mixed thoroughly and
transferred to a new 96-well plate. In addition, serial dilution of a
suspension with 104 cells/well in SCDLP was added to the plate
layout for the calculation of a calibration curve to determine the
absolute reduction in bacterial count. After all empty wells were
filled with sterile PBS, the plate was sealed with parafilm and
placed in a Tecan Infinite M200 microplate reader that was pre-
heated to 37 �C. Optical density at 600 nm was measured every
20 min over the next 16 h. The first derivative of the maximum rate
of growth shown in each curve was calculated using GraphPad
Prism 8 (San Diego, CA, USA). The live bacteria count was then
determined from the calibration curve (Fig. S5) and logarithmic
reductions were determined compared to results from the un-
treated well.

2.6.3. Bacteriostatic assay
The bacteriostatic impact of the chitosan polymers before

crosslinking was evaluated according to a modified version of the
assay described by Skytta et al. [73]. Briefly, 20 mL of polymer so-
lution (concentrations including 10 mg/mL, 5 mg/mL, 1 mg/mL,
500 mg/mL, 100 mg/mL, 50 mg/mL, 10 mg/mL, 100 ng/mL, and 1 ng/
mL) dissolved in 1 mM HCl, or 20 mL of 1 mM HCl as vehicle control
were added to 180 mL of a bacterial suspension containing
5 � 104 cells/ml in a 96-well plate. In addition, serial dilution of 104

cells/well in LB media was added to the plate layout as a negative
control. After all empty wells were filled with sterile PBS, the plate
was sealed with parafilm and placed in a Tecan Infinite M200
microplate reader that was preheated to 37 �C. Optical density at
600 nm was measured every 20 min over the next 16 h.

The area under the growth curves between the two thresholds
was calculated using GraphPad Prism 8; the lower threshold was

defined as the baseline and the upper threshold was defined as the
endpoint of the exponential growth phase. The areas under the
growth curves for each samplewere compared to those observed in
suspensions exposed to vehicle control to determine relative bac-
terial growth. The inhibitory concentration (IC90) value was calcu-
lated from these findings.

2.6.4. Crystal violet assay for biofilm assessment
Staining with crystal violet was performed to quantify biofilm

formation as described previously [36]. Briefly, an overnight bac-
terial culture was diluted in LB medium to a concentration of
3 � 105 cells/ml. These suspensions were added to each well in a
96-well plate after the coating was washed twice with
200 mL sterile PBS. All empty wells were filled with 200 mL sterile
PBS to prevent samples from drying out. The plate was then sealed
with parafilm and incubated for 24 or 72 h at 37 �C in a humidified
incubator without shaking. The medium was then carefully
removed, and the samples were washed three times with
200 mL sterile PBS, with care taken to avoid detaching any biofilm
that may have formed. This was followed by fixationwith 200 mL of
absolute EtOH. EtOH was then aspirated, and the samples were
dried for 10 min in a sterile hood. Biofilms were then stained for
2 min in 200 mL of a 0.1% (w/v) crystal violet solution in PBS. The
staining solutionwas removed, and samples werewashed six times
with 200 mL sterile PBS to remove excess dye. The samples were
then dried overnight to avoid dilution errors and the dye was then
released from the bacteria by adding 100 mL of absolute EtOH. The
crystal violet-containing solution was transferred to a new well
after 10 min incubation at room temperature and was quantified by
measuring the absorbance at 595 nm in a microplate reader.

2.6.5. Live/dead staining
Live/Dead Staining was performed according to the manufac-

turer's instructions of the live/dead staining kit (PromoCell GmbH,
Heidelberg, Germany). Briefly, polymer coatings were crosslinked
in a 96-well plate andwashed three times with 200 mL sterile PBS to
remove residues. The sterile PBS was removed and coatings were
inoculated with 200 mL of overnight bacterial culture (E.coli or
MRSA) diluted to 3 � 105 cells/ml with LB medium. Samples were
incubated for 24 h at 37 �C in a humidified incubator without
shaking. For staining, medium was carefully removed and samples
were washed three times with 200 mL sterile 150 mMNaCl solution
and stainedwith an appropriatemixture of DMAO (ex/em 490/540)
and EthD-III.

(ex/em 530/630) for 15min at room temperature protected from
light. Images were takenwith the fluorescent microscope Observer.
Z1 (Carl Zeiss AG, Oberkochen, Germany) and processed with ZEN
blue edition (Version 3.4, Carl Zeiss AG, Oberkochen, Germany). The
membrane-permeable DNA dye DMAO stains all cells (live and
dead), while the membraneimpermeable DNA dye EthD-III stains
only dead cells with damaged cell membranes.

3. Results and discussion

3.1. Synthesis

The reaction of chitosan with 4-benzoyl-benzoic acid in pres-
ence of EDC in the ratios shown in Fig. 1D results in the corre-
sponding, substituted benzophenone-chitosan (BP-CS) derivatives
(Fig. 1A). The degree of substitution at the chitosan glucosamine
moiety was determined by UV/vis spectroscopy using a calibration
curve of 4-benzoyl-benzoic acid dissolved in EtOH. The UV/vis
spectrum of the benzophenone group shows a strong absorbance
peak at 263 nm. The degree of chitosan substitution determined by
UV/vis spectroscopy (Fig. 1B) approximately matches the values
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that were calculated theoretically. Thus, the degree of chitosan
functionalization could be determined stoichiometrically and is
shown in Fig. 1D.

To determine whether substitution occurred at one of the hy-
droxyl groups or was limited to the free amino groups, we per-
formed NMR measurements of the most highly substituted
chitosan derivative (100%-BP-CS) in 1 mM DCl in D2O (Fig. 1C). The
aromatic region of the spectrum includes nine aromatic protons of
the benzophenone group in two doublets (at 7.9 ppm and 7.7 ppm)
and two triplets (at 7.6 ppm and 7.5 ppm). The spectrum also in-
cludes an amide signal at 8.3 ppm that is detected in an integral
ratio that matches the benzophenone protons. Collectively, these
results indicate that the benzophenone modification of chitosan
occurs chemoselectively, as this moiety is linked to the amino but
not the free hydroxyl groups. These findings confirm the structure
of the benzophenone-chitosan amide derivative shown in Fig. 1A.

3.2. Surface functionalization

PEEK is a ductile polymer with mechanical properties that are
similar to those of human bone [47]. This compound is not cytotoxic
nor does it degrade or leach ions into the surrounding tissue [48].
Given these properties, it has been used to generate a variety of
medical implants, for example, spinal cages [49-52] and endo-
prostheses for hip replacement [53e55]. Given its otherwise bio-
inert surface, multiple approaches for surface functionalization
have been described, for example, deposition of inorganic sub-
strates via atomic layer deposition (ALD) [63]. Here, the BP-CS
containing solutions were solvent-cast on PEEK chips, used as a
model substrate for PEEK implants, followed by UV-crosslinking at
254 nm, washing, and drying in vacuo. The surfaces of the solvent-
cast coatings were then further investigated by XPS, SEM-EDS and
IR spectroscopy.

Recorded XPS spectra of 100%-BP-CS and 30%-BP-CS coatings are
shown in Fig. 2A. In general, the presence of oxygen, nitrogen and
carbon could be confirmed. Al, Si, S and Cl could be detected in
traces <1% (for determined atom ratios cf. Fig. S2). Due to the high
presence of nitrogen in the measured coating areas, the successful
coating with chitosan could be confirmed. The element ratios of
carbon, nitrogen and oxygen in the 100%-BP-CS coating were also
determined using SEM-EDS (cf. Fig. S3) and match the values
determined via XRD within deviations of 3%, thus showing
consistent data over different methods applied.

The C1s signals between 290 and 282 eV show the presence of
CeC, CeH, C¼C, CeO, CeN and C¼O bonds. The ratio in C¼O bonds,
which is present in non-crosslinked benzophenone, matches the
ratio 3:1 between 100%-BP-CS and 30%-BP-CS, and, therefore, is in
accordance with the measurements of the degree of substitution,
where 100% and 30% benzophenone content could be determined in
the coatings. The relatively high difference in CeO bonds between
100%-BP-CS and 30%-BP-CS also shows successful crosslinking, since
the content of CeO and CeN resulting from chitosan itself is con-
stant, while the benzophenones carbonyl is converted into a bir-
adicaloid triplet state, followed by hydrogen abstraction from a
neighboring CeH bond and formation of a hydroxy ketyl radical,
which undergoes recombination into a CeC bond while a hydroxy
group is left as residue [37]. Therefore, the content of hydroxyl
groups, as shown in 100%-BP-CS C1s and 30%-BP-CS C1s graphs
(Fig. 2A), also differs to a certain factor, which indicates successful
crosslinking of the benzophenone photophore through the CeH
insertion reaction. Further, it is an additional confirmation of the
degrees of substitution as determined on the chitosan polymers.

Microscopic images (200x magnification) of the coatings are
shown in Fig. S4. The coarse structure of the PEEK substrate (final
panel) caused by milling while cutting PEEK into slices on a lathe

includes circular, groove-like structures of approximately 40 mm
thickness. Coatings 100%-BP-CS, 50%-BP-CS, 12%-BP-CS, and 7%-BP-
CS applied to the PEEK substrate cover these structures; by contrast,
the groove-like structures remain in evidence in PEEK substrates
coated with 30%-BP-CS polymer.

IR spectra of those microscopically analyzed areas are shown in
Fig. 2B. The IR spectrum of the coating is generally characterized by
dominant CeH bands at 2929 cm�1 and 2881 cm�1 as well as the
OeH band detected at 3284 cm�1 which are the result of glycosidic
carbon backbone CeH stretching vibrations and the free glycosidic
hydroxyl groups, respectively. These measurements are consistent
with literature reports of bands associated with the parent chito-
san molecule [75]. Of these, the most dominant bands are those
associated with the glycosidic hydroxyl groups at 3284 cm�1;
these are also detected in compound 30%-BP-CS, which was not
visible microscopically as noted above. Collectively, these results
lead us to conclude that all five coatings were formed appropri-
ately upon UV-crosslinking of the benzophenone group with the
PEEK substrate.

3.3. Surface topology

The surface topology of the coatings formed on the PEEK sub-
strate was examined further using AFM and SEM measurements
for the formed nanoscale surface topology. SEM images of the
surfaces with each of the five coatings are shown in Fig. 3A.
Coatings 100%-BP-CS, 50%-BP-CS, and 12%-BP-CS appear as coarse,
sponge-like structures with pore diameters of ~2 mm (100%-BP-CS
and 50%-BP-CS) and ~4e5 mm (12%-BP-CS). Coatings 30%-BP-CS
and 7%-BP-CS appear relatively flat with lamellar-like structures.
The uncoated PEEK substrate is also relatively flat; the 40 mm
grooves cannot be detected at this resolution. The surface topology
of the PEEK substrate measured by AFM reveals grooves of ~40 mm
within the borders of resolution (Fig. 3B). The sponge-like struc-
tures associated with coatings 100%-BP-CS, 12%-BP-CS, and (to
some extent) 50%-BP-CS can also be detected by this method. By
contrast, coatings 30%-BP-CS and 7%-BP-CS appear as flat surfaces
with underlying grooves that can be attributed to the PEEK
substrate.

The surface thickness has been determined using a surface
profiler, measuring over a formed edge of the polymer coating.
Measured values are shown in Table 1. Overall, a surface thickness
ranging between 1 and 4 mm was obtained for the coatings using
the solvent casting method. The standard derivatives determined
by triplicate measurements of the thickness approximately match
the determined values for surface roughness, where Ra is the
arithmetic average of the profile heigh deviations and Rq the
quadratic average of profile heigh deviations.

Differences in the topology, resulting in either sponge-like
structures or relatively flat surfaces, could be caused by differences
in the degree of substitution, resulting in different solubilities in the
used solvent (1 mM HCl). Chitosan itself is insoluble in water or
1 mM HCl, therefore, the reaction with 4-benzoylbenzoic acid was
carried out in 1% CH3COOH. The solubility in 1mMHCl is, therefore,
caused by the conversion of the amine into the amide functionality
(cf. Fig.1), which still leads to different solubilities through different
amide-amine ratios. Solubility differences in solvent casting have
been shown to influence the formation of topologyusing the solvent
casting method and leading to inconsistencies [76]. Furthermore,
the same crosslinking conditions of 3 J/cm2UV-light of 254 nmwere
applied to all coatings with different benzophenone content; we,
therefore, expected differences in coating topology as shown in the
SEM and AFM images. Nevertheless, the surface thickness is rela-
tively constant in the range of 1e4 mmover all coatings aswell as the
determined surface roughness is.
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3.4. Cytotoxicity

Cytotoxicity of the synthesized coatings was determined in ex-
periments targeting the L-929mouse embryonal fibroblast cell line,
human umbilical vein endothelial cells (HUVECs), Saos-2 osteo-
sarcoma cell line, and Mono Mac-6 monocytes. Both extract and
direct contact methods were used according to ISO 10993e5
[72,77,78]. Growth inhibition of L-929 cells in response to all extract
dilutions was comparatively low (Fig. 4A). By contrast, these same
dilutions (except for 30%-BP-CS) promote somewhat more sub-
stantial growth inhibition of the HUVEC cell line (Fig. 4B). Overall,
little to no growth inhibition was observed in response to the 30%
substituted chitosan derivative (30%-BP-CS). More substantial

growth inhibition of both L-929 cells and HUVECs was observed
in response to functionalized chitosan derivatives with both
higher as well lower benzophenone content.

Direct contact cytotoxicity tests were performed that targeted
HUVECs as well as the L929, Saos-2, and Mono Mac-6 cell lines
(Fig. 4CeF). The results of these cytotoxicity tests were similar to
one another. Similar to the extract tests, the 30% benzophenone-
substituted chitosan derivative was minimally cytotoxic in direct
contact assays targeting both HUVECs and L929 cells. Among our
other results, inhibition of Saos-2 cell growth was enhanced after
72 h of contact with all chitosan derivatives evaluated; inhibition in
response to compound 30%-BP-CS increased from <0% at 24 h to
40% at this time point (Fig. 4E). By contrast, the proliferation of

Fig. 2. XPS spectra of 100%-BP-CS and 30%-BP-CS coating on PEEK after crosslinking with UV light at 254 nm. The presence of nitrogen confirms the presence of chitosan on the
coating, furthermore, the presence of C¼O bonds in spectra C1s for both coatings confirm the presence of benzophenone through non-reacted residues (A). IR spectra of the material
(B). The most dominant peaks in IR spectra are the glycosidic OeH bounds at 3284 cm�1, followed by the glycosidic CeH stretching vibrations at both 2929 cm�1 and 2881 cm�1.
These spectra match those obtained for chitosan in this region [75] and indicate successful crosslinking of this material on the surface of the PEEK chip.
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Mono Mac-6 cells remained constant, with slightly less inhibition
observed in response to coatings 12%-BP-CS and 7%-BP-CS (Fig. 4F).

Benzophenone derivatives of N-acetyl glucosamine and short-
chain chitooligosaccharides have been characterized as matrix
metallopeptidase (MMP) inhibitors with potent activity against
cancer cells [79] with potential utility as adjuvant anti-cancer
therapy [80]. The activity of these compounds against sarcoma-
type cells may explain some of the growth inhibition and
decreased cell viability observed in cytotoxicity assays performed in
this study. The doubling time of the Saos-2 sarcoma cell line is 40 h
[81]. Thus, the growth inhibition of this cell type is observed most

prominently at the 72 h time point, most notably in experiments
performed with coating 30%-BP-CS. Downregulation of MMP2 and
MMP-9 has also been linked to diminished angiogenesis and
reduced migration of human endothelial cells [82]; these findings
may explain the decreased viability observed in HUVEC cultures at
24 and 72 h. Results from previous studies suggest that chitosan
may form polyelectrolyte complexes in culture medium that
sequester growth factors provided by FCS and that this will ulti-
mately result in decreased fibroblast proliferation. In literature, this
effect was not observed in cell cultures that were not supplemented
with FCS [83]. In the current study, exposure to the 30% substituted
chitosan derivative 30%-BP-CS results in the retention of ~70% of the
original proliferative activity relative to untreated cells at both 24
and 72 h in all cell lines evaluated. Thus, derivative 30%-BP-CS has
been identified as non-cytotoxic. Interestingly, the 30%-BP-CS chi-
tosan derivative is also most effective at inhibiting the growth and
viability of both E. Coli and S. aureus bacterial strains.

3.5. Anti-inflammatory potential

The pyrogenicity of the coating surface and/or the presence of
potential pyrogenic residues or contaminants was elucidated by a

Fig. 3. SEM images (A) and AFM measurements (B) of the coatings, applied to the PEEK substrate (final panel).

Table 1
Surface thickness and surface roughness of the BP-CS coatings determined using a
surface profiler.

Sample Surface
thickness [mm]

Surface roughness
Ra [nm]

Surface roughness
Rq [nm]

100%-BP-CS 2.15 ± 0.13 456.1 509.2
50%-BP-CS 1.46 ± 0.41 615.5 739.5
30%-BP-CS 1.51 ± 0.48 287.2 334.4
12%-BP-CS 3.75 ± 0.60 271.6 339.7
7%-BP-CS 2.12 ± 0.98 323.3 398.6
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monocyte activation test using the Mono Mac-6 cell line and an
enzyme-linked immunosorbent assay (ELISA) for quantitative
detection of IL-6 secretion [84,85]. An approximately two-fold in-
crease in IL-6 was detected in the medium of cultures grown in
wells with 625 mg/cm2 of 100%-BPCS, 50%-BP-CS, 12%-BP-CS and
7%-BP-CS coatings compared to negative controls (Fig. 5A, left). By
contrast, no increase in IL-6 levels was detected in wells coated
with 30%-BP-CS derivative. No significant increases in IL-6 release

were observed over control levels in cultures grown inwells coated
with lower concentrations of these chitosan derivatives. Thus, all
coatings can be considered non-pyrogenic when used at concen-
trations at or below 312.5 mg/cm2; 30%-BP-CS derivative is non-
pyrogenic at concentrations as high as 625 mg/cm2. We also eval-
uated the expression of genes encoding the cytokines IL-1b, IL-8,
and IL-10 in monocytes that were cultivated for 16 h in coated
wells. We detected no significant increase in IL-1b expression in

Fig. 4. Cytotoxicity at 24 and 72 h associated with exposure to extracts of BP-CS coatings in L-929 cells and HUVECs with 6% DMSO as positive control (A, B). Cytotoxicity at 24 and
72 h associated with direct contact of L-929, HUVECs, Saos-2, and Mono Mac-6 with BP-CS coatings (CeF). Error bars are given as standard derivation of triplicates each. In (G) L-929
mouse fibroblasts growing on the coated surface at 72 h before the addition of the MTT reagent. Cytotoxicity is observed in response to contact with polymers 100%-BP-CS, 50%-BP-
CS, 12%-BP-CS, and 7%-BP-CS. By contrast, relatively little cytotoxicity is observed in response to contact with polymer 30%-BP-CS. This result was confirmed by the cell viability test
evaluated quantitatively in (C); the images shown are at 10x magnification.
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Mono Mac 6 cells cultured with derivatives 100%-, 50%-, 30%- and
12%-BP-CS, compared to the LPS-positive control [63]. A similar
pattern was observed for IL-8; this might be related to findings
indicating that IL-8 expression is induced by exogenous IL-1b in
monocytes [86]. The lowest level of IL-8 expressionwas detected in
cells culturedwith 30%-BP-CS derivative; expression levels increase
from 50%_BP-CS to 100%-BP-CS and from 12%-BP-CS, reaching a
maximum in the presence of 7%-BP-CS, approaching the levels
observed in response to the LPS positive control. Expression of the
anti-inflammatory cytokine, IL-10 increases in a similar pattern,
which may represent its capacity to modulate the responses of the
proinflammatory cytokines IL-1b, IL-6, and IL-8. Interestingly, the
expression of IL-10 is more prominent in response to 100%-BP-CS
derivative than 7%-BP-CS; the 100%-BP-CS derivative also elicits
comparatively lower levels of both IL-6 and IL-8. Overall, we can

conclude that the 30%-BP-CS coating is non-inflammatory, while
the 100%-BP-CS coating exhibits anti-inflammatory properties as
described above.

LPS induces oxidative stress via the production of reactive ox-
ygen species (ROS) in both monocytes and macrophages. LPS-
mediated monocyte activation also leads to the synthesis and
release of proinflammatory cytokines, including IL-1b, followed by
IL-6 and IL-8, which are cytokines that stimulate local inflammation
[87-89]. Chitosan has characterized antioxidative properties and is
capable of quenching hydroxyl- and superoxide radicals in solution
[90]. Chitosan also exhibits anti-inflammatory properties including
its capacity to limit the expression of cyclooxygenase (COX)-2
[91e93]. We tested the radical scavenging potential of each coating
and examined their capacity to suppress monocyte-mediated IL-6
release in response to 500 ng/mL LPS. ROS is generated in biological

Fig. 5. Secreted IL-6 from Mono Mac-6 monocytes (A) detected in the medium by ELISA at 16 h both with (left) and without (right) stimulation with 500 ng/mL LPS together with
LPS and vehicle control (VC) alone. IL-6 levels are twice as high in LPS-stimulated monocytes exposed to 625 mg/cm2 coatings compared to vehicle control (VC). By contrast, IL-6
levels remain at baseline in cell cultures exposed to lower coating concentrations. IL-6 levels remained at baseline in all cultures exposed to coating 30%-BP-CS. Expression of IL-1b,
IL-8, and IL-10 genes (B) determined by qPCR after 16 h cultivation on a benzophenone-substituted chitosan-coated microtiter plate (625 mg/cm2). Expression of all three cytokine
genes remained at or near baseline in cultures exposed to polymer 30%-BP-CS. (C) Radical (OH$) quenching mediated by benzophenone-substituted chitosan polymers in solution
compared to unmodified chitosan (left) and as coatings on microtiter plates.
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systems mainly via the Fenton reaction [94]. Thus, we performed
this reaction in an ex vivo as described by Li et al. [90] that utilized
photometric measurements of Safranin O degradation mediated by
hydroxyl radicals [90]. We found that compound 30%-BP-CS was
most effective at radical quenching; exposure to polymers of this
compound in solution resulted in a 3-fold increase in OH-
quenching compared to the negative control (Fig. 5C). Interest-
ingly, the effectiveness of coating 30%-BP-CS exceeds that of chi-
tosan alone by a factor of 1.5, also compared to the negative control.
However, these anti-oxidant activities were not detected when
compound 30%-BP-CSwas evaluated as a coating. Furthermore, and
despite their capacity for radical quenching, none of the coatings
had an impact on monocytes-mediated IL-6 secretion compared to
the responses of unstimulated monocytes alone (see Fig. 5A, right).

In conclusion, we found that exposure to coating 30%-BP-CS
resulted in no increase in proinflammatory cytokine release; this
coating also had a negligible effect on modulating the responses of
LPS-stimulated monocytes. Monocyte viability remained at or near
100% after 24 or 72 h in a contact with this coating. Based on these
results, we identify coating 30%-BP-CS as both inert and biocom-
patible in experiments performed in relevant ex vivo settings.

3.6. Antimicrobial properties

The antibacterial properties of soluble chitosan are well-
characterized. Among these findings, Li et al. [95] reported that

chitosan at ~0.1% (w/v) resulted in >80% inhibition of several bac-
terial strains. In this study, we tested our compounds within a
general range of concentrations to determine the 90% inhibitory
concentration (IC90) based on the results of growth curves of E. coli
and MRSA (Fig. S3). Our findings revealed that all five BP-CS de-
rivatives retained their antibacterial properties when evaluated in
solution (Fig. 6C and D). The IC90s determined for benzophenone
chitosan derivatives targeting E. coli were 75, 74, 72, 59, and 63 mg/
mL, respectively; IC90s determined for chitosan derivatives targeting
MRSA were 66, 86, 82, 64, and 63 mg/mL, respectively. These
calculated IC90 values are comparable to the minimum inhibitory
concentrations previously reported for non-functionalized chitosan
against E. coli (50 mg/mL) and MRSA (100 mg/mL) [96]. Interestingly,
although benzophenone is considered toxic to bacteria [97], higher
IC90 values were observed for compounds with higher benzophe-
none content. The reduced impact associated with more extensive
substitution may be explained by reductions in the number of free
amino groups contributing to the overall cationic charge of the
polymer. Of note, according to the SMHmodel, cationic charge is the
critical feature underlying chitosan-mediated antimicrobial activity
[5,6]. Thus, our results suggest that the impact of the loss of cationic
charge may exceed the potential for increased toxicity associated
with an increase in the benzophenone content. This net effect may
result in an overall reduction of its antibacterial properties.

We then examined the antibacterial properties of coatings
prepared from the dissolved chitosan derivatives after UV-

Fig. 6. Antimicrobial activity of benzophenone-substituted chitosan coatings and solubilized chitosan derivatives. Shown are reductions in the number of viable E. coli (A) and MRSA
(B) that are adherent to coatings relative to the untreated surface of a tissue culture plate. The impact of solubilized chitosan derivatives at various concentrations on the growth of
E. coli (C) and MRSA (D) and the calculated IC90 values. (E) Biofilms of E. coli and MRSA at 24 and 72 h were evaluated by crystal violet staining. All values represent means ± standard
deviations; n ¼ 3.
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crosslinking. Polymer coatings were prepared at mass-to-surface
ratios of 625, 312.5, and 62.5 mg/cm2. Our results revealed a net
reduction in antibacterial efficacy of all coatings that paralleled the
decreases in mass-to-surface ratios (Figs. S2, 6A, and 6B).

Maximum antibacterial activity was observed for coating of
30%-BP-CS applied at 625 mg/cm2. Direct contact with this coating
(30% benzophenone) resulted in an approximately 5-log reduction
of viable E. coli or MRSA. Compounds with higher (100%-BP-CS and
50%-BP-CS) and lower (12%-BP-CS and 7%-BP-CS) benzophenone
contents were not as effective at limiting bacterial viability (Fig. 6A
and B). These results indicate that the antibacterial activity of the
cross-linked compound in the form of a coating may be more
effective than the individual components in solution. In the case of
benzophenone derivatives, crosslinking is critical to ensure a uni-
form and functional coating.

We also examined biofilm formation on the polymer coatings at
24 and 72 h by crystal violet (CV) staining (Fig. 6E) and Live/Dead
staining (Fig. 7). These observations confirmed the results of pre-
vious experiments as they revealed that coating 30%-BP-CS was
more effective than the other four benzophenone-substituted
coatings evaluated. Coating 30%-BP-CS was the only derivative
that promoted a reduction in the level of CV stained E. coli biofilm
between the 24 and 72 h time points, to a point at which it was
nearly undetectable. Similar results were obtained in experiments
targeting MRSA. However, it is also worth noting that no increases
in biofilm formation were observed by CV staining between 24 and
72 h for MRSA in experiments performed with the four additional
coatings; experiments performed with coatings 12%-BP-CS and 7%-
BP-CS revealed reductions in the amounts of CV stained MRSA
biofilms during this time interval. Live/dead staining confirmed
that, after 24 h, there was considerably less biofilm on coating 3c

and almost all cells still present were stained as dead. In contrast,
the other coatings had developed biofilms, albeit with a higher
percentage of dead cells compared to the untreated control.
Collectively, the results suggest that these compounds are more
effective against biofilms generated by Gram-positive bacteria such
as MRSA compared to Gram-negative bacteria, such as E. coli.

4. Conclusion

In this study, our findings document the successful functional-
ization of the free amino groups of chitosan with benzophenone
moieties. The degree of functionalization obtained approximately
matched the stoichiometrically-calculated ratios. Chemoselective
functionalization of the free amino groups via amide formationwas
confirmed by NMR spectroscopy. Coatings prepared from 30%
functionalized derivative, named 30%-BP-CS, were the most effec-
tive of the group against the bacterial pathogens MRSA and E. coli,
which were used as clinically relevant microbial strains in antimi-
crobial testing. The 30%-BP-CS derivative also exhibited the least
cytotoxicity when evaluated in cultures of L-929 fibroblasts,
HUVECs, Saos-2 osteoblasts, and Mono Mac-6 monocytes using ISO
10993e5 testing methodology for cytotoxicity assessment. No
inflammationwas observed in response to the 30%-BP-CS coating in
the pyrogen test performed as per ISO 10993e11. Thus, the 30%-BP-
CS coating can be considered biologically inert. Interestingly, this
30% functionalized chitosan shows the optimum properties with
respect to antimicrobial action and biocompatibility under the UV-
crosslinking conditions applied. Different levels of benzophenone
substitution (both higher and lower) lead to reduced biocompati-
bility, a greater potential for inflammation, and diminished anti-
microbial activity. This may relate at least in part to differences in

Fig. 7. Representative microscopic images of Live/Dead stained E. coli (A) and MRSA (B) after 24 h incubation on the corresponding polymer-coated or untreated surface of a 96-well
cell culture plate. Magnification is 200x; scale bar measures 0.1 mm.
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crosslinking efficiency under the applied conditions (3 J/cm2,
254 nm), leading to different amounts of uncrosslinked benzo-
phenone residues, which have been shown in the XPS spectra
(Fig. 2A). The appropriate combination of these factors may lead to
the thinnest possible coating and a smoother surface byminimizing
pore formation and the concentration of benzophenone residues
that remain uncrosslinked. Previous studies have suggested that
the smoothness of the surface is a critical determinant of the
biocompatibility and inflammatory potential of biomedical im-
plants [98]. The XPS and IR spectra (Fig. 2) and AFM and SEM
measurements (Fig. 3) support this conclusion; these studies
revealed that the 30%-BP-CS coating exhibited a relatively smooth
surface with no visible pores or sponge-like structures that may
promote cell adhesion and inflammation. However, the surface
roughness of the 30%-BP-CS coating is slightly higher than the
roughness of the 12%-BP-CS coating. This property might also
explain the limited capacity for OH-radical quenching (Fig. 4);
coatings prepared from 30%-BP-CS derivative display compara-
tively less active surface area for radical quenching. This can explain
the relatively bioinert properties of this coating despite the fact that
IC90 of the polymers were within range of those exhibited by the
other compounds when they were all examined in solution. How-
ever, when applied as a coating, their capacity for growth inhibition
differed significantly (Fig. 5). While the exactly optimized param-
eters for crosslinking conditions and surface properties of the
coatings still need more adjustment, overall, our study presents an
interesting chemical approach that can be used to generate
chitosan-derived coatings for implant materials that are biocom-
patible, non-inflammatory, and antimicrobial with potential for use
in photopatterning applications.
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The widespread use of antibiotics in recent decades has been a major factor in the emergence of 
antibiotic resistances. Antibiotic-resistant pathogens pose increasing challenges to healthcare 
systems in both developing and developed countries. To counteract this, the development of new 
antibiotics or adjuvants to combat existing resistance to antibiotics is crucial. Glycomimetics, for 
example carbasugars, offer high potential as adjuvants, as they can inhibit metabolic pathways or 
biofilm formation due to their similarity to natural substrates. Here, we demonstrate the synthesis of 
carbasugar precursors (CSPs) and their application as biofilm inhibitors for E. coli and MRSA, as well 
as their synergistic effect in combination with antibiotics to circumvent biofilm-induced antibiotic 
resistances. This results in a biofilm reduction of up to 70% for the CSP rac-7 and a reduction in 
bacterial viability of MRSA by approximately 45% when combined with the otherwise ineffective 
antibiotic mixture of penicillin and streptomycin.
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NAC	� N-Acetylcysteine
BHA	� Butylated hydroxyanisole

The increase in antibiotic resistance (AR) and the associated health problems represent one of the major medical 
challenges for the next decades. In 2019, approximately 4.95 million (64 per 100,000) deaths worldwide could 
be associated with AR, of which 1.27 million (16.4 per 100,000) deaths were directly attributable to infections 
with antibiotic resistant pathogens1. Even in the case of non-fatal infections with antibiotic resistant pathogens, 
particularly in the case of chronic courses of disease, patients must cope with considerable loss in quality of life. 
To counteract this, several approaches must be pursued simultaneously. For example, it is necessary to minimize 
the development of new AR by a more targeted use of current antibiotics with the help of more accurate diag-
nostic tools, while at the same time developing new antibiotics or adjuvants that can successfully treat existing 
resistant pathogens2,3. There are several known mechanisms by which ARs act, including alteration or protection 
of the target, direct inactivation of antibiotics, or reduction in intracellular drug concentration4. Furthermore, 
biofilm formation is known as a widespread defense mechanism that causes resistance or increased tolerance 
of bacteria to antibiotics or host response5,6 and is significantly involved in implant infections, cystic fibrosis or 
chronic wounds7,8. One compound class with promising potential as antimicrobial and anti-biofilm agents that 
can be used to combat ARs, particularly ARs caused by biofilm formation, are carbasugars9,10.

Nowadays, carbasugars are discussed in medicinal and pharmaceutical chemistry as promising glycomimet-
ics with potentially broad antibacterial characteristics and advanced properties, especially in terms of metabolic 
stability and bioorthogonality11–14. As early as the 1960s, MacCasland et al. described the synthesis of various 
carbasugars, such as pseudo-talopyranose or pseudo-galactopyranose, which they referred to as pseudosugars, 
which term today also includes iminosugars and thiosugars15,16. Many more approaches followed, which have 
been summarized in various review articles to date, focusing on either more applied or synthetic applications 
and research11,13,17,18. Many of the reported synthetic approaches have in common, that they start from simple 
monosaccharidic structures such as glucosamine and use several sequential derivatization techniques result-
ing in a multistep synthesis with low to moderate overall yields19–22. In addition, these pathways often contain 
transition metal-catalyzed synthetic steps involving, for example, mercury salts, which can be problematic in 
scale-up and ultimately in the pharmaceutical application itself9. Therefore a more straightforward approach 
based on other starting materials such as cyclic monoterpenoids, which can be categorized as precursors for 
substituted cyclohexane derivatives is of great interest. Other strategies based on non-carbohydrate sources as 
starting materials such as cyclohexadiendiol23, norbornene24, iodobenzene25 or benzoquinone26 try to overcome 
these disadvantages and have already been researched.

Herein, we present the first synthesis of simple carbasugar precursors (CSPs) based on R-(–)carvone and 
cyclohexenone as starting materials. They are called CSPs as they are no exact mimics of natural monasaccharides, 
but are similar to them and can be further modified to match the definition of carbasugars. These CSPs were 
evaluated for their potential in biomedical applications. This includes their cytotoxicity to human cells, their 
effect on bacterial growth and biofilm formation, and their synergistic effect in combination with antibiotics 
against biofilm formation and antibiotic-resistant bacteria.

Results
Synthetic approach to carbasugar precursors.  Many approaches towards carbasugar derivatives 
based on non-carbohydrate sources start, as mentioned in the introduction, from cyclohexene, cyclohexadiene 
or benzene derivatives, mainly because these allows the introduction of hydroxy groups by using various addi-
tion reactions, ideally stereo- and regeoselectively. During our research for an appropriate starting material we 
decided to use R-(–)carvone (1) because of the already present stereochemistry of the propenyl residue and the 
cyclic carbonyl group, which should allow the introduction of a substituted amino group later on via reduc-
tive amination. For related reasons we also chose cyclohexenone (5) as another starting material allowing the 
introduction of cyclic 1,2-diol functionalities. Based on the patent from Surburg et al.27 which describes the 
synthesis of compound 2 we initially tried to perform the ketal formation using KHSO4 or p-toluenesulfonic 
acid (p-TsOH). Figure 1 shows an overview of the used reaction conditions.

Additionally, to the use of the acids mentioned in the patent we also tried NaHSO4 as an alternative catalyst 
(conditions (e) in Fig. 1). Unfortunately, we were not able to reproduce the published results in lab scale (low 
gram quantities). Instead of compound 2 we were only able to isolate the literature known aromatic com-
pound 4 as a sole main product in yields > 50% (spectral data agree with published data28,29). After additional 
literature research we decided to use polyanilinium sulfate as an alternative acidic catalyst based on the work 
of Palaniappan et al.30. The polyanilinium sulfate was synthesized according to the published data and after 
some optimization steps we succeeded in synthesizing compound 2 in isolated yields between 42–48%. For the 
stereoselective intramolecular bishydroboration we adapted the work of Brown and Pfaffenberger31 which used 
thexylborane for the cyclic hydroboration of dienes, especially of d-(+)-limonene, which has the same diene 
structure as compound 2. After the optimization of the reaction, we could obtain compound 3 in yields around 
40%. The trans configuration of the cyclic OH- and methyl-group could be confirmed by identifying the cor-
responding protons (see Fig. 2; red and blue colorized protons) via COSY (SI, Fig. S8) and by determination of 
the 3JH,H coupling constant between these two protons, which, with a value of 10.5 Hz, correlates to the expected 
value estimated by the Karplus equation.

Furthermore, we were able to confirm the stereochemistry of the exocyclic alcoholic residue by NOESY (SI, 
Fig. S9) cross coupling between the green protons and the red in Fig. 2.

Unfortunately, we were not able to identify the stereochemistry of the exocyclic tertiary carbon. The fact, 
that the 13C spectrum (SI, Fig. S7) partially shows two very narrow signals for various carbons of compound 

90 3 Results and Discussion



3

Vol.:(0123456789)

Scientific Reports |        (2022) 12:18019  | https://doi.org/10.1038/s41598-022-22807-8

www.nature.com/scientificreports/

3, indicates though, that we isolated a mixture of two diastereomers which presumably differ at the exocyclic 
tertiary carbon and cannot be identified or isolated by chromatographic techniques.

Comparing the method of Brown and Pfaffenberger with the use of simple borane BH3, it is interesting to 
mention that in case of using BH3, we only could obtain the exocyclic monohydroxy-compound selectively. The 
cyclic double bond has not been attacked by the borane.

For the synthesis of precursor rac-7, we started from compound 5 using polyanilinium sulfate as acidic cata-
lyst resulting in compound 6 in 52% yield. Afterwards we used standard reaction conditions (conditions (d) in 
Fig. 1) for the diol formation leading to compound rac-7 as racemic mixture in 30% yield. Compounds 3 and 
rac-7 have then been used for the following biological evaluation.

Biocompatibility.  The potential for biomedical application depends fundamentally on the biocompatibility 
of the substance or material in question, otherwise the side effects of a treatment will exceed the benefits. To 
address this issue, we tested the synthesized CSPs for their biocompatibility with human cells. For this pur-
pose, concentration-dependent metabolic activity and cellular reactive oxygen species (ROS) were determined 
for human osteogenic sarcoma SaOS-2 cells (SaOS-2), human bone marrow derived mesenchymal stem cells 
(hMSC), and human umbilical vein endothelial cells (HUVEC) (Fig. 3). No cytotoxic effects were observed for 
all three cell types at concentrations up to 100 µM (Fig. 3A–C), and a concentration of 1 mM proved toxic only 
for SaOS-2 cells, resulting in a reduction of metabolic activity for rac-7 by up to 55 ± 9% (p < 0.001) and for 3 by 
up to 66 ± 2% (p < 0.001) compared to the control sample. However, the highest tested concentration of 10 mM 
resulted in strong cytotoxic effects in all cell types, resulting in metabolic activity of -3 ± 4% (p < 0.001), 63 ± 3% 
(p = 0.002), and 9 ± 2% (p < 0.001) for hMSC, HUVEC, and SaOs-2 cells for rac-7 and 72 ± 7% (p = 0.46), 52 ± 3% 
(p < 0.001), and 26 ± 4% (p < 0.001) for 3, respectively. This trend was confirmed by the measurements of cellular 
ROS level normalized to the metabolic activity (Fig. 3D–F), as seen by an increased cellular ROS level per meta-
bolic activity with increasing concentrations of CSPs for hMSCs and SaOS-2 cells. HUVECs, on the other hand, 
seem to be less affected by the CSPs than the other two cell types, indicated by no significant increase of cellular 
ROS, except for 10 mM 3. In addition, no significant change of cellular ROS level was observed for HUVECs 
between 24 and 48 h (Two-way ANOVA with Tukey post-hoc test, 24 against 48 h: p = 0.805 (rac-7); p = 0.9998 

Figure 1.   Synthetic approach to carbasugar precursors. (a) polyaniliniumsulfate, ethylene glycol, toluene, reflux 
(Dean–Stark apparatus); (b) BH3*THF, 2,3-Dimethyl-2-butene; (c) H2O2/NaOH; (d) KMnO4, MgSO4, H2O; (e) 
pTsOH or KHSO4 or NaHSO4, ethylene glycol, toluene reflux (Dean–Stark apparatus).

Figure 2.   Chair conformation of compound 3 with indicated coupling in 2D NMR.
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(3)), whereas a significant change over time was observed for hMSCs (Two-way ANOVA with Tukey post-hoc 
test, 24 against 48 h: p < 0.001 (rac-7); p < 0.001 (3)) and the compound rac-7 for the SaOS-2 cells (Two-way 
ANOVA with Tukey post-hoc test, 24 against 48 h: p = 0.0021 (rac-7); p = 0.2312 (3)).

Microbial growth.  For biomedical applications, in addition to biocompatibility, the functional properties, 
particularly the antimicrobial properties, of the substance are important. Therefore, we investigated whether CSPs 
affect the growth of the gram-negative bacteria Escherichia coli (E. coli) and the gram-positive bacteria multi-
resistant Staphylococcus aureus (MRSA) and whether they are used as a carbon source for growth. The growth 
of both bacterial strains in LB medium supplemented with the indicated concentrations of CSPs (Fig. 4A,B) dif-
fered only minimally or to a non-significant extent from the vehicle control without supplementation. Thus, no 
significant increase in generation time of E. coli was observed even for the highest tested concentration of 10 mM 
for both the compound rac-7 with 36.1 ± 0.7 min (p = 0.35) and 3 with 35.1 ± 0.3 min (p = 0.95) compared to the 
vehicle control with 34.4 ± 0.4 min. For MRSA, a non-significant effect for rac-7 with 49.9 ± 0.9 min (p = 0.15) 
and a significant effect for 3 with 50.3 ± 0.4 min (p = 0.05) on the generation time compared to the vehicle control 
with 48.1 ± 0.6 min was observed. Furthermore, it was observed that 10 mM rac-7 leads to a considerable pro-
longation of the initial lag phase in MRSA growth (SI, Fig. S2A), which was not observed for E. coli, respectively 
compound 3 (SI, Fig. S2B–D). While there appears to be a concentration-dependent effect on bacterial growth, 
this effect is negligible and occurs only at concentrations that are not desirable for biocompatibility reasons 
(above 100 µM).

In addition, it was investigated whether the compounds rac-7 and 3 are used as a carbon source for bacterial 
growth, which would indicate their metabolization. Our initial assumption that the CSPs could not be used as 
a carbon source was confirmed, as can be seen in Fig. 4C,D. No growth was observed in PBS or PBS with CSPs, 
but growth was observed when the same concentration of glucose was added.

Biofilm.  After investigating the effects on bacterial growth, we focused our attention on another important 
aspect of antimicrobial properties for biomedical applications: biofilm inhibition. Therefore, the biofilm formed 
in the presence of compounds rac-7 and 3 was determined and compared with the vehicle control (VC) to which 
the same volume of PBS was added. In all combinations of the two compounds and bacterial strains, a significant 
decrease in biofilm after 24–72 h of incubation (Fig. 5) compared to the respective control was observed. There 
were only minor differences between the two compounds tested, most of which were within the range of the 
standard deviation. In addition, it is noteworthy that the compounds showed higher-relative-biofilm inhibition 

Figure 3.   Biocompatibility of the compounds rac-7 and 3. Human mesenchymal stem cells (hMSC), human 
umbilical vein endothelial cells (HUVEC) and SaOS-2 human osteogenic sarcoma cells treated for 24 and 48 h. 
(A–C) Evaluation of metabolic activity at different concentrations of CSPs with MTT-assay in comparison to 
vehicle control (VC). (D–F) Cellular reactive oxygen species (ROS) normalized to MTT-assay and compared to 
VC. VC was treated with PBS instead of CSPs stock solution. Values are shown as mean ± SD (n = 3). Statistical 
significance was analyzed with Two-way ANOVA and Dunnett post-hoc test against respective VC (ns not 
significant; *p < 0.05; **p < 0.01; ***p < 0.001). For additional concentrations, as well as microscopic images, see 
Supplemental Fig. S1.
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for the weak biofilm former E. coli (Fig. 5A,B) than for the good biofilm former MRSA (Fig. 5C,D), even though 
in absolute terms the biofilm formed by MRSA was more inhibited (SI, Fig. S3). Overall, 100 µM proved to be the 
concentration with the best compromise between good biocompatibility (Fig. 3) and biofilm inhibition for both 
compounds. Concentrations of 100 µM resulted in a reduction of biofilm formed by 64 ± 1% (rac-7, p = 0.001) 
and 70 ± 5% (3, p < 0.001) for E. coli as well as 39 ± 1% (rac-7, p = 0.02) and 42 ± 2% (3, p = 0.008) for MRSA after 
72 h of treatment with 100 µM CSPs.

Synergistic effect: carbasugar precursors and antibiotics.  The formation of biofilms is a widespread 
defense mechanism of bacteria, not only as a protection against harsh environmental conditions, but also to 
reduce the effectiveness of antibiotics and increase bacterial tolerance. Therefore, it is important to prevent the 
formation of biofilm, e.g. in wounds or on surgical implants, to ensure promising treatment success for infec-
tions caused by multidrug-resistant microorganisms and to minimize the development of further resistance. 
We investigated a combinatorial approach of the synthesized CSPs in combination with the antibiotic mixture 
of penicillin and streptomycin (PenStrep) for synergistic effects. It was observed that E. coli was sensitive to 
PenStrep antibiotic mixture (Fig. 6A,E,K), while MRSA showed resistance (Fig. 6B,H,N) and even formed more 
biofilm at low antibiotic concentrations than without (Fig. 6F). Addition of PenStrep without CSPs to a growing 
biofilm or non-biofilm cultivation of E. coli prevented biofilm formation and resulted in nearly no viable cells 
remaining with no metabolic activity of the population. In contrast, the addition of PenStrep did not completely 
eliminate an already developed biofilm of E. coli, but significantly reduced it (Fig. 6I: Two-way ANOVA with 
Tukey post-hoc test; VC, 100 U/mL PenStrep against VC, 0 U/mL PenStrep: p < 0.001) and the number of viable 
cells (Fig. 6K: Two-way ANOVA with Bonferroni post-hoc test; VC, 100 U/mL PenStrep against VC, 0 U/mL 
PenStrep: p = 0.03), even though metabolic activity of the population could still be detected (Fig. 6J: Two-way 
ANOVA with Tukey post-hoc test; VC, 100 U/mL PenStrep against VC, 0 U/mL PenStrep: p = 0.01). The com-
bined use of PenStrep with the compounds rac-7 and 3 resulted for E. coli in a non-significant further reduc-
tion of the biofilm formed, metabolic activity and viable cells. As mentioned, the addition of PenStrep at low 
concentrations had a counterproductive effect on biofilm formation of MRSA, both in the developed biofilm 
and in the growing biofilm. The addition of CSPs was able to counteract this effect, such that when rac-7 was 
added in combination with 100 µM PenStrep, biofilm formation was comparable to rac-7 without PenStrep, but 
significantly less than 100 µM PenStrep without rac-7 (Fig. 6F,L). However, the addition of CSPs, particularly 
rac-7, in combination with PenStrep (rac-7 + PenStrep, 216 ± 33 × 106 CFU/cm2) resulted in a significant reduc-
tion of viable bacterial cells (Fig. 6H) compared to separate addition (rac-7, 316 ± 16 × 106 CFU/cm2; PenStrep, 
395 ± 31 × 106 CFU/cm2; VC, 379 ± 21 × 106 CFU/cm2) when the compounds were present during the process 

Figure 4.   Effects of the compounds rac-7 and 3 on the bacterial growth of Escherichia coli (E. coli) and multi-
resistant Staphylococcus aureus (MRSA). Concentration-dependent influence of CSPs on the generation time of 
E. coli (A) and MRSA (B) in LB medium. Growth of E. coli (C) or MRSA (D) in PBS supplemented with CSPs 
or glucose. VC was treated with PBS instead of CSPs stock solution. Values are shown as mean ± SD (A,B: n = 3) 
or mean (C,D: n = 3). Statistical significance was analyzed with Two-way ANOVA and Dunnett post-hoc test 
against respective vehicle control (VC) (ns not significant; *p < 0.05; **p < 0.01; ***p < 0.001).
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of biofilm formation. A similar effect was observed for compound 3 on the viable bacterial cells (3 + PenStrep, 
229 ± 41 × 106 CFU/cm2; 3, 362 ± 41 × 106 CFU/cm2; PenStrep, 395 ± 31 × 106 CFU/cm2; VC, 379 ± 21 × 106 CFU/
cm2). The addition of 100 µM rac-7 in addition to 100 U/mL PenStrep reduced the biofilm formed by 64% 
(p = 0.003), the metabolic activity by 28% (p = 0.009) and the viable cells by 45% (p = 0.006) compared to the 
respective VC. Interestingly, rac-7 also showed an effect on already developed biofilm of MRSA when admin-
istered in combination with 100 U/mL PenStrep (Fig. 6L), reducing biofilm by 52% (p < 0.001), cell viability by 
46% (p = 0.1) but only non-significantly decreasing metabolic activity of the population with an absorption at 
570 nm of 0.86 ± 0.02 (p = 0.59) compared to an absorption at 570 nm of 1.07 ± 0.02 for the corresponding VC.

Discussion
The synthetic approaches for the mentioned CSPs, starting from simple and cheap compounds, turned out to 
be less trivial than expected. Especially the formation of the aromatic compound 4 seems to be problematic 
for the important first protection step of the keto-group of R-(–)carvone when using standard conditions like 
catalytic amount of pTsOH and a Dean–Stark apparatus. The use of polyanilinium sulfate helped to overcome 
these challenge, resulting in passable yields, which makes this catalyst very interesting for further studies using 
other simple natural products with predefined stereochemistry such as camphor or other terpenes containing 
keto-groups. Furthermore, intramolecular bishydroboration leading stereoselectively to compound 3, has shown 
to be a very good tool on the way to stereoselective carbasugar synthesis.

For the biological evaluation, we demonstrate the synergistic effect of the compounds 3 and rac-7 in combi-
nation with antibiotics against the bacteria E. coli and MRSA. When treated solely with the PenStrep antibiotic 
mixture, E. coli were susceptible and MRSA resistant to it (Fig. 6). When administered in combination against 
MRSA, the effects of PenStrep and the compound rac-7 complemented each other and reduced both biofilm 
formation and viable bacteria beyond the level of single administration. For E. coli, no statement can be made 
about synergistic effects, since the addition of antibiotics alone had a strong effect, so that further effects could 
be barely detected. Thus, the proportion of biofilm present was reduced on the one hand, and the proportion of 
viable bacteria was reduced on the other hand, for both the already developed and the still growing biofilm, but 
not for the non-biofilm condition. Furthermore, it is worth mentioning that the reduction of viable cells was 
significant only for growing biofilm and not for developed biofilm, suggesting that the formation of new biofilm 

Figure 5.   Evaluation of biofilm formation in the presence of CSPs with crystal violet (CV) assay. Biofilm 
formation of Escherichia coli (E. coli; A,B) and multi-resistant Staphylococcus aureus (MRSA; C,D) after 24, 48 
and 72 h of incubation in the presence of 10 mM to 10 nM CSPs. Values are shown in relation to vehicle control 
(VC; PBS instead of compound stock solution) as mean ± SD (n = 2). Statistical significance was analyzed with 
Two-way ANOVA and Dunnett post-hoc test against respective VC (ns not significant; *p < 0.05; **p < 0.01; 
***p < 0.001).
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Figure 6.   Synergistic effects of CSPs and antibiotics. Biofilm formation, metabolic activity and viable cells of 
Escherichia coli (E. coli; A,C–E,I–K) and multi-resistant Staphylococcus aureus (MRSA; B,F–H,L–N) under 
the influence of the compounds rac-7 and 3 in combination with the antibiotics mixture of penicillin and 
streptomycin (PenStrep). Biofilm formation was evaluated via crystal violet (CV) assay (C,F,I,L), metabolic 
activity via MTT assay (D,G,J,M) and viable cells via CFU counting (A,B,E,H,K,N) after 48 h of treatment. 
Treatment was performed on non-biofilm cells (liquid culture in LB medium), growing biofilm and on 
developed biofilm. VC was treated with PBS instead of CSPs stock solution. Values are shown as mean ± SD (CV, 
MTT: n = 2; CFU: n = 3). Statistical significance was analyzed with Two-way ANOVA and Dunnett post-hoc test 
against respective VC (ns not significant; *p < 0.05; **p < 0.01; ***p < 0.001).

3.3 Glycomimetic Adjuvants: Carbasugar-precursors 95



8

Vol:.(1234567890)

Scientific Reports |        (2022) 12:18019  | https://doi.org/10.1038/s41598-022-22807-8

www.nature.com/scientificreports/

is inhibited, but existing biofilm is not actively disrupted. This demonstrates the potential of as adjuvants to 
antibiotics for applications where antibiotic resistance is expected as a result of biofilm formation, for example 
in open wounds, especially chronic wounds or after surgical implantation32. Various classes of substances with 
anti-biofilm properties have already been identified and tested for their suitability to inhibit biofilm, such as 
carbohydrate derivatives (e.g. derivatives of α-d-mannoside10, fucose or xylose33), d-amino acids34, polysac-
charides (e.g. group II capsular polysaccharides35, chitosan derivatives36) or antimicrobial peptides37. These 
substances have different modes of actions and intervene at different stages of biofilm maturation, e.g., initial 
cell adhesion, secretion of extracellular polymeric substances, or biofilm degradation, as reviewed by Srinivasan 
et al.38 or Verderosa et al.39.

The mode of action of CSPs was not investigated in this study, but we hypothesize that they mitigate biofilm 
formation either through enzyme inhibition/protein binding, quorum sensing (QS) or a combination of both. 
Inhibition of biofilm formation by CSPs could occur through structural similarity to a natural substrate and act 
as a competitive inhibitor to cause enzymatic inhibition, as shown for example by Ren et al.40 for carbasugars and 
glycoside hydrolases, or cause reduced protein-target interaction, as shown by Sommer et al.10 for derivatives of 
methyl α-d-mannoside and the bacterial carbohydrate-binding protein LecB. A reduced protein-target interac-
tion by competition for carbohydrate binding sites of lectins affects the bacterial adhesion of E. coli to surfaces, 
which in turn leads to inhibition of biofilm formation41. It is also possible that the CSPs activate QS systems: 
in gram positive MRSA, the accessory gene regulator (agr) system, as observed by Ueda et al. upon addition of 
5.6 mM glucose and for gram negative E. coli the N-acyl l-homoserine lactone (AHL) mediated QS system42,43. 
Activation of the respective QS system leads to biofilm detachment and swarming motility, whereas repression of 
the agr system is necessary for biofilm formation44,45. Upon biofilm disruption, the bacteria leave the protective 
biofilm and enter the planktonic state, making them susceptible to antibiotics and human macrophages from 
which they were previously protected in the biofilm6,46. Moreover, unlike carbohydrates, the tested compounds 
have the advantage of not being used for bacterial growth (Fig. 4C,D), thus, on the one hand, they do not con-
tribute to aggravation of the infection condition by bacterial growth and, on the other hand, they are present in 
a long-term effective concentration. Furthermore, the additional biofilm formed by MRSA as a defense response 
to PenStrep was significantly reduced when PenStrep was administered in combination with CSPs (Fig. 6F,L). 
Thus, the addition of CSPs not only allows circumvention of existing antibiotic resistance, but also ensures the 
efficacy of subsequent antibiotic treatments, as a more developed biofilm reduces the chances of success and 
even promotes the emergence of new antibiotic resistances47.

For the three human cell types tested, no toxicity was observed for concentrations up to 100 µM, nevertheless 
concentrations of 10 mM were toxic, especially for rac-7. Indeed, we observed that the CSPs had less toxic effects 
on HUVECs than on the hMSCs and SaOS-2 cells, which may readily be explained by an inhibition of glycolysis 
and differential dependence of cell types on it for ATP production. The energy metabolism of all three cell types 
is preferentially based on glycolysis and subsequent mitochondrial respiration, even in SaOS-2 cells, which does 
not show the Warburg effect typical for cancer cell lines48–50. The inhibition of glycolysis as a consequence of the 
high concentration of CSPs subsequently leads to a loss of ATP, both directly via the inhibition of glycolysis and 
indirectly by lowered generation of acetyl-CoA for the tricarboxylic acid cycle and NADH for oxidative phos-
phorylation. As an alternative energy source, cells are left with fatty acid oxidation (FAO) or glutaminolysis. In 
contrast to HUVECs, SaOS-2 cells and hMSCs have no significant FAO, which may be the reason that HUVECs 
showed higher tolerance to the tested CSPs (Fig. 3), since they can not only rely on glutaminolysis but also on 
FAO for ATP generation51,52.

The study presented here initially focused on the effect and applicability of the synthesized substances. The 
exact mechanisms leading to the toxic effects on human cells are interesting to rule out potential side effects, 
however, these only occur at very high concentrations of 10 mM, so they can be easily avoided in real conditions. 
In contrast, the exact mechanism for biofilm inhibition is of particular interest as it occurs at lower concentra-
tions in the micromolar range, and by identifying the mode of action, novel glycomimetics can be functionalized 
in a targeted manner to achieve a better effect at even lower concentrations. Nevertheless, the presented study 
demonstrated the synergistic potential of CSPs or carbasugars in general to prevent biofilm-associated infec-
tions, supporting antibiotic treatments, and the possibility of reducing the impact of antibiotic resistance and 
the emergence of new resistances.

Materials and methods
Materials.  Absorbance measurements were performed with a TECAN infinite M200 PRO (TECAN, Swit-
zerland) plate reader. Microscopic images were taken with the microscope Olympus CKX41 (Olympus, Japan) 
mounted with the camera Olympus XM10 (Olympus, Japan) and the associated software cellSens Standard (Ver-
sion 1.9 Build 11514, Olympus, Japan). 100 mM stock solutions of the compounds rac-7 and 3 were prepared 
in phosphate buffered saline (PBS), sterile filtered with 0.2 µm nylon sterile filters (Carl Roth GmbH + Co. KG, 
Karlsruhe, Germany) and stored at 8 °C. T-75 cell culture flasks were purchased from VWR International GmbH 
(Bruchsal, Germany) and 96-well tissue culture plates were purchased from TPP Techno Plastic Products AG 
(Trasadingen, Switzerland). SaOS-2 human osteogenic sarcoma cells (SaOS-2, ACC 243) and human bone mar-
row derived mesenchymal stem cells (hMSC) were purchased from Sigma Aldrich (Taufkirchen, Germany) 
and human umbilical vein endothelial cells (HUVEC) were purchased from Fisher Scientific GmbH (Schwerte, 
Germany). 100 × penicillin–streptomycin mixture (PenStrep) containing 10,000 U/mL penicillin and 10,000 U/
mL streptomycin was purchased from Lonza Group Ltd (Basel, Switzerland). Chemicals and reagents for the 
chemical synthesis were purchased from Acros, Sigma-Aldrich, Carl Roth or ABCR and were used without fur-
ther purification. Chemicals and culture media for the biological evaluation were purchased from Sigma Aldrich 
(Taufkirchen, Germany) unless stated otherwise.
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Synthesis of carbasugar precursors.  TLC was carried out on Silica Gel 60 F254 (Merck, layer thick-
ness 0.2 mm) or on M&N RP-18 W/UV254 with detection by UV light (254 nm) and/or by charring with 15% 
sulfuric acid in ethanol. Flash column chromatography (FC) was performed on M&N Silica Gel 60 (0.063–
0.200 mm) or on Macherey-Nagel (M&N) Silica Gel 100 C18 in case of RP-FC. 1H NMR and 13C NMR spectra 
were recorded either on a Bruker Avance 400 or on a Magritek Carbon 60. Chemical shifts are reported in ppm 
relative to solvent signals (CDCl3: δH = 7.26 ppm, δC = 77.0 ppm; DMSO-d6: δH = 2.49 ppm, δC = 39.7 ppm; 
CD3OD: δH = 4.78 ppm, δC = 49.3 ppm). Signals were assigned by first-order analysis and assignments were 
supported, where feasible, by two-dimensional 1H, 1H and 1H, 13C correlation spectroscopy. Coupling constants 
are reported in Hz. Electrospray ionization mass spectra (ESI) were performed on Sciex API QTRAP Mass 
Spectrometer (AB Sciex LLC, Framingham, MA, USA). The mass spectrometer was operated in the positive ion 
mode with an electrospray voltage of 5000 V at 200 °C, curtain gas at 25 psi, collision gas at 6 psi, nebulizing gas 
at 25 psi and auxiliary gas at 25 psi. All quadrupoles were working at unit resolution. RP-UPLC was performed 
on an Acquity system from Waters with a BEH C18 1.7 μm column (2.1 × 50 mm) from Waters and a gradient 
of water (eluent A) and methanol (eluent B) as an eluent. All compounds synthesized are > 95% pure by UPLC 
analysis.

Carvone‑ketal (2).  10 g (66.6 mmol) R-(–)carvone, 11.1 g (179 mmol) ethylene glycol and 250 mg of polyani-
linium sulfate were added to 100 mL of toluene in a 250 mL double-necked round bottom flask equipped with 
a Dean–Stark trap and a condenser. The mixture was heated to reflux for 8 h during the daytime and to 80 °C 
over night for a period of 4 days. Each day 2 more mL of ethylene glycol were added, and the reaction was moni-
tored by TLC. After filtration over celite and purification by flash-chromatography (ethyl acetate/isohexane 9:1) 
compound 2 was isolated in 48% yield as a colourless oil. TLC: Rf = 0.35 (ethyl acetate/isohexane 9:1); RP-UPLC: 
tr = 4.04 min (10–90% B in 7 min, 95.5% purity); 1H-NMR: (200.1 MHz, CDCl3) δ = 5.68 (m, 1 H, cycl. HC=C), 
4.70 (m, 2 H, H2C=C), 4.10–3.87 (m, 4 H, OCH2CH2O), 2.43 (dddd, J = 13.6 Hz, 12.0 Hz, 4.8 Hz, 2.9 Hz, 1 H, 
CH2CHCH2),2.16 (dtt, J = 17.5 Hz, 5.3 Hz, 1,4 Hz, 1 H, 1 × CH2), 1.97–1.65 (m, 3 H, 3 × CH2), 1.71 (m, 3 H, CH3), 
1.66 (m, 3 H, CH3); 13C-NMR (50.3 MHz, CDCl3) δ = 148.6 (C-8), 134.1 (C-5), 128.3 (C-4), 109.0 (C-9), 108.2 
(C-6), 65.7 (C-12), 64.74 (C-13), 39.9 (C-2), 38.8 (C-1), 30.9 (C-3), 20.5 (C-10), 15.9 (C-7); (ESI-MS): m/z 195.3 
[M + H]+.

Carvone‑ketal diol (3).  10.4 mL (10.4 mmol) of a 1 M borane-THF complex solution and 1.3 mL (11 mmol) of 
2,3-Dimethyl-2-butene were dissolved in 25 mL dry THF in a 250 mL Schlenk flask under nitrogen and stirred 
for 10 min. Then 2 g of compound 2 (8.7 mmol) was added and the mixture was stirred for additional 2 h at 
room temperature till no more starting material was detected by RP-TLC. Finally 1.1 g of NaOH dissolved in 
1.8 mL of deionized water were added dropwise followed by the addition of 3.8 mL of 30% H2O2. After 2 h the 
mixture was diluted with 20 mL of deionized water and extracted several times with small amounts of ethyl 
acetate. The combined organic layers were washed with brine, dried (MgSO4) and the solvent was evaporated. 
After purification by RP-flash-chromatography (ethanol/water 1:9) compound 3 was isolated in 42% yield as a 
colourless oil. RP-TLC: Rf = 0.3 (ethanol/water = 1:9); RP-UPLC: tr = 0.33 min (5–50% B in 7 min, 97.4% purity); 
1H-NMR: (200.1 MHz, DMSO-d6) δ = 4.48 (d, J = 5.8 Hz, 1 H, cykl. OH), 4.34 (dt, J = 8.6 Hz, 5.1 Hz, CH2OH), 
3.30–3.05 (m, 3 H, CH2OH, cycl. CHOH), 1.80–1.67 (m, 1 H, CHCH2OH), 1.65–1.31 (m, 3 H, 3 × CH2), 1.41 
(dd, J = 10.5 Hz, 6.5 Hz, 1H, cycl. CH(CH3)), 1.15–0.91 (m, 2H, CH and 1 × CH2), 0.85 (d, J = 6.5 Hz, 3 H, cykl. 
CH3), 0,77 (dd, J = 6,5 Hz, 4.8 Hz, 3 H, CH3); 13C-NMR (50.3 MHz, CDCl3) δ = 110.7 (C-6), 72.1 (C-4), 65.3 
(C-9), 64.6 (C-14), 64.5 (C-15), 47.8 (C-5), 37.3 (C-8), 33.0 (C-1), 32.6 (C-3), 14.1 (C-2), 13.5 (C-10), 10.1 (C-7); 
(ESI-MS): m/z 231.5 [M + H]+.

Cyclohexenone‑ketal (6).  13.46  g (140  mmol) 2-cyclohexenone (5), 26.4  g (425  mmol) ethylene glycol and 
130 mg of polyanilinium sulfate were added to 200 mL of toluene in a 500 mL double-necked round bottom flask 
equipped with a Dean–Stark trap and a condenser. The mixture was heated to reflux for 8 h during the daytime 
and to 80 °C over night for a period of 2 days. The reaction was monitored by TLC. After filtration over celite 
and purification by flash-chromatography (ethyl acetate/isohexane 1:5) compound 6 was isolated in 52% yield as 
a colourless oil. TLC: Rf = 0.46 (ethyl acetate/isohexane 1:5); RP-UPLC: tr = 4.24 min (10–90% B in 7 min, 96.4% 
purity); 1H-NMR: (200.1 MHz, CDCl3) δ = 5.62 (m, 2 H, HC=CH), 3.98 (m, 4H, OCH2CH2O), 2.26 (m, 4 H, 
2 × CH2), 1.75 (m, 2 H, 2 × CH2). 13C-NMR (50.3 MHz, CDCl3) δ = 126.5 (C-5), 124.3 (C-4), 107.9 (C-6), 64.3 
(C-8 and C-9), 35.7 (C-1), 31.0 (C-3), 24.5 (C-2); (ES-MS): m/z 141.1 [M + H]+.

Cyclohexandiol‑ketal (7).  5 g (35.7 mmol) of compound 6 were dissolved in 70 mL ethanol and cooled to 0 °C 
while a solution of 6.2 g KMnO4 and 3.1 g of MgSO4 in 70 mL deionized water was prepared and which was 
afterwards added dropwise to the reaction mixture during 30 min. After two more hours the mixture was filtered 
over celite and concentrated in vacuum to a volume of 80 mL. The concentrated aqueous mixture was saturated 
with NaCl and extracted a dozen times with CH2Cl2. Each extract was analyzed by TLC and extracts containing 
starting material or byproducts were dismissed. The combined product fractions were dried (MgSO4) and the 
solvent was evaporated. The residue was recrystallized from isohexane to yield compound 7 in 26% yield. TLC: 
Rf = 0.14 (ethyl acetate/isohexane 1:1); RP-UPLC: tr = 0.33 min (5–50% B in 7 min, 95.4% purity); 1H-NMR: 
(200.1 MHz, CDCl3) δ = 4.08–3.86 (m, 5 H, CHOH and OCH2CH2O), 3.67 (ddd, J = 12.6 Hz, 5.3 Hz, 3.0 Hz, 1 
H, CHOH), 2.51 (br. s, 2 H, 2 × OH) 1.99 (ddd, J = 13.7 Hz, 6.0 Hz, 2.2 Hz, 1 H, 1 × CH2CHOH) 1.86–1.43 (m, 5 
H, CH2). (ESI-MS): m/z 197.2 [M + H]+.
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Cell culture.  Biocompatibility assays were performed with three human cell types: SaOS-2 cells, hMSC and 
HUVEC. All three cell types were purchased from Sigma Aldrich (Taufkirchen, Germany). SaOS-2 cells were 
cultured in McCoy’s 5A medium supplemented with 10% fetal calf serum; hMSCs were cultured in stem cell 
expansion medium SCM015; HUVECs were cultured in endothelial cell growth medium. All cell culture media 
were supplemented with 100 U/mL PenStrep. Cells were cultured in T-75 cell culture flasks at 37 °C and 5% CO2 
and subcultured at 80% confluency with 0.25% Trysin-EDTA solution. hMSCs and HUVECs were expanded for 
no more than 3 passages before use.

Metabolic activity—MTT assay.  Biocompatibility of CSPs was evaluated with SaOS-2 cells, hMSCs and 
HUVECs using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, trypsi-
nated cells were seeded into 96-well tissue culture plates at a density of 10,000 cells/well and incubated at 37 °C 
and 5% CO2 for 4 h in 180 µL of appropriate culture medium. Meanwhile, a serial dilution of the compounds rac-
7 and 3 stock solutions was prepared in sterile PBS and 20 µL of each was added to the respective well, resulting 
in effective concentrations of 10–10–5 mM. As a vehicle control, 20 µL sterile PBS without CSPs was used. Cells 
were cultured for another 24 or 48 h in the incubator. After 24 or 48 h, medium was replaced by 1 mg/mL MTT 
in culture medium and incubated for 2 h. Then, MTT solution was removed and wells were washed three times 
with 200 µL sterile PBS. By adding 100 µL DMSO per well and incubation at 37 °C for 1 h, the formed formazan 
crystals were dissolved and subsequently quantified at 570 nm in a plate reader. Metabolic activity was calculated 
as the ratio of absorbance between samples and the vehicle control.

Cellular reactive oxygen species—DCFDA assay.  Cellular reactive oxygen species (ROS) were ana-
lyzed by 2′,7′-dichlorofluorescin diacetate (DCFDA) assay for SaOS-2 cells, hMSCs and HUVECs. Cells were 
prepared as described for the MTT-assay, resulting in cells treated for 24 or 48 h with 10–10–5 mM CSPs. As 
additional controls, the ROS quenchers N-acetylcysteine (NAC) or butylated hydroxyanisole (BHA) were added 
to indicated controls to a final concentration of 250 µM or 5 µM, respectively. After 24 or 48 h of treatment, 2 µL 
2 mM DCFDA in culture medium was added to each well and incubated at 37 °C for 30 min. Culture medium 
was removed and cells were washed three times with 200 µL sterile PBS. Oxidized dye was quantified with a plate 
reader at Ex/Em wavelengths of 485 nm/535 nm.

Microbial evaluation.  Gram negative Escherichia coli (DSM 498) and gram-positive multi-resistant Staph‑
ylococcus aureus (MRSA, DSM 28766) were purchased from Leibniz Institute DSMZ-German Collection of 
Microorganisms and Cell Cultures GmbH (Braunschweig, Germany) and stored at − 80 °C in glycerol stocks. A 
new vial was thawed for each experiment and incubated overnight at 37 °C and 100 rpm in Lennox LB medium.

Bacterial growth.  Bacterial growth in PBS or LB medium was recorded in 96-well plates. Therefore, 180 µL 
of sterile PBS or LB medium containing the appropriate concentration of CSPs or glucose was added to each well 
and inoculated with 50,000 bacteria/well to reach a total volume of 200 µL. The lid of the 96-well plate was closed 
and sealed with parafilm. OD600 was measured every 30 min in a plate reader for a total of 16 h at 37 °C without 
shaking. The logarithmic growth curves were used to calculate bacterial generation time. For this purpose, a 
linear regression of the exponential growth phase was performed with GraphPad Prism 8 (GraphPad Software, 
San Diego, USA) and the slope k was determined. Then, generation time (t) was calculated according to Eq. (1).

Sample preparation and treatment.  Non-biofilm bacteria growing in liquid broth were prepared by 
adding 2 mL of LB medium to a sterile 15 mL conical plastic tube, and the appropriate volume of PenStrep and 
compound stock solution or sterile PBS, as vehicle control, were added. Samples were inoculated with 20 µL of 
an bacterial overnight culture diluted to OD600 = 0.1, resulting in approximately 105 CFU/mL, and incubated in a 
humidified incubator at 37 °C and shaking (130 rpm) for 48 h before analysis by spot plating as described below.

Developed biofilm was prepared in 96-well plates by incubating 200 µL of an bacterial overnight culture 
diluted to OD600 = 0.2 with LB medium at 37 °C in a humidified incubator for 72 h without shaking. For treat-
ment, the supernatant was carefully removed and 200 µL of LB medium containing CSPs, glucose and PenStrep 
antibiotic mixture was added at the indicated concentrations and combinations.

Treatment for the experiments during biofilm formation was performed in the same way, except that 20 µL 
of a bacterial solution containing 2.5 × 106 cells/mL was added instead of prepared biofilm. The lid of the 96-well 
plate was closed, sealed with parafilm and incubated in a humidified incubator at 37 °C without shaking for 24, 
48 or 72 h, as indicated. Samples were analyzed for biofilm formation using crystal violet assay, MTT assay for 
metabolic activity or spot plating for cell viability, as described below.

Crystal violet‑assay.  To assess the biofilm formed, the supernatant was carefully removed, and the biofilm 
was fixed with 200 µL of 100% ethanol for 2 min. Ethanol was removed, and samples were dried for 10 min with 
the lid open under the sterile work bench. Afterwards, 200 µL 0.05 (wt/vol)% crystal violet dye dissolved in 
sterile PBS were added and incubated at room temperature. Dye was removed after 2 min, the stained biofilm 
was gently washed 5 times with 200 µL sterile PBS and microscopic images were taken. For quantification, the 
remaining PBS was removed, and samples were dried over night with the lid open under the sterile work bench. 

(1)t =
ln2

k
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Then, 100 µL 100% ethanol was added and incubated for 10 min at room temperature. The released dye was 
quantified by measuring the absorbance at 595 nm in a plate reader.

MTT‑assay.  To assess metabolic activity of bacteria in the remaining or newly formed biofilm, the superna-
tant was carefully removed and replaced by 1 mg/mL MTT in LB medium and incubated for 30 min at 37 °C. 
MTT solution was removed, and samples were washed three times with 200  µL PBS, without removing the 
biofilm. Then, 100 µL DMSO was added and incubated at 37 °C for 30 min. The amount of metabolic active 
bacteria was quantified by measuring the absorbance at 570 nm in a plate reader and compared to the respective 
vehicle controls.

Spot plating—CFU.  To assess the cell viability of bacteria, the supernatant of treated biofilm samples was 
removed and the biofilm was washed with 200 µL sterile PBS. Then, 200 µL soybean casein digest lecithin poly-
sorbate broth (SCDLP) was added, incubated at 37 °C for 15 min, and pipetted up and down at least ten times 
to remove biofilm53. A serial dilution of suspended biofilm was prepared in SCDLP, and 5 µL of each dilution 
were spot plated to a 60 mm petri dish filled with LB agar as described by Wang et al.54 and incubated overnight 
in a humidified incubator at 37 °C. Colony forming units (CFU) were counted and CFU/cm2 were calculated in 
relation to the area of biofilm tested. For treated non-biofilm samples, the dilution series was prepared directly 
from the sample in LB medium and analyzed as described.

Statistical analysis.  Measurements for biological assessment were repeated with three biological replicates 
(n = 3) and expressed as mean ± standard deviation (SD), unless stated otherwise. Calculations of statistical sig-
nificance were performed with GraphPad Prism 8 (GraphPad Software, San Diego, USA). A two-way ANOVA 
and Dunnett post-hoc test were used unless otherwise indicated.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary 
Information files).
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4 Summary and Outlook

In this thesis, three approaches to overcome the antibiotic crisis were investigated, with

a primary focus on AST. The other two approaches, antibacterial coatings based on

chitosan derivatives and glycomimetic adjuvants, also have their raison d’être, but AST

has shown the greatest potential as it has a more fundamental impact and is essential

for targeted antibiotic therapy. The designed concept and basic experimental setting

may be a game changer within this field.

In Chapter 3.3, a proof-of-concept study demonstrated that glycomimetic adjuvants

in the form of carbasugar precursors (CSP) are useful in the treatment of biofilm-

associated infections. The tested CSP showed a reduction of up to 70% in biofilm for-

mation, as assessed by crystal violet-stained extracellular polymeric substance (EPS).

Even at concentrations as low as 100 nM, a reduction in EPS of around 50% was ob-

served for E. coli. The best concentrations, regarding anti-biofilm activity and cytotoxic-

ity for human cell lines were around 100 µM, as the CSP showed significant anti-biofilm

activity against E.coli and multidrug-resistant Staphylococcus aureus (MRSA) at this

concentration; however, it still did not exhibit significant cytotoxic effects against the

tested human cell lines, which was observed at ≥ 1 mM. Interestingly, the tested CSP

only reduced the amount of EPS, but had no effect on the growth or viability of the bac-

teria. A combinatorial approach of CSP with a mixture of penicillin and streptomycin

(PenStrep) showed complementary effects in treating the tested MRSA strain, both in

growing and already developed biofilms. It resulted in a reduction of bacterial viability

for growing MRSA biofilms, which was not the case for each compound individually.

In addition, the combination of the tested rac-7 CSP with PenStrep prevented the in-

crease in EPS production that occurred when PenStrep was administered alone. It can

be summarized that the CSP rac-7 inhibits the formation of new biofilm and can thus

contribute to the resensitization of bacteria to antibiotics that are rendered ineffective

by biofilms. However, in order to improve efficacy by developing new, more effective

and more selective molecules, the exact mechanism must be understood in the future.

Nevertheless, the study showed the potential of glycomimetics as adjuvants, which

could be used as wound dressings in the treatment of chronic wounds, for example.

For the second approach, two antibacterial coatings were designed and synthesized

using chitosan as a model. The first coating (Chapter 3.2.1) used a poly-dimethacryl-

amide methyl (PDMAm) network, which was substituted with benzophenone for UV-
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induced anchoring and a residue consisting of N acetyl-glucosamine, a triazole and a

linker, mimicking a chitosan surface. Several linker lengths and copolymer ratios were

evaluated for their biocompatibility and antibacterial effect using polyethylene tereph-

thalate glycol (PETG) coverslips as a base substrate. Of the tested combinations, the

5%-GlcNAc-4EG coating has shown the most effective antimicrobial activity in com-

bination with good biocompatibility in direct contact and extract for L-929 Fibroblasts

according to ISO 10993-5 standards. Although the antibacterial effect (viability was

reduced 1.2-fold) was only observed under low-nutrient conditions, the significant re-

duction in biofilm was also observed under nutrient-rich conditions.

However, the observed effects were not sufficient to meet high clinical expectations.

Therefore, the second coating design (Chapter 3.2.2) focused on the functionalization

of chitosan and not on the imitation of chitosan. Substitution of the amino groups of

chitosan with benzophenone made it possible to apply a covalent coating to polyether

ether ketone (PEEK) surfaces by UV crosslinking. Several chitosan derivatives with dif-

ferent degrees of substitution were synthesized and evaluated; as chitosan derivatives

in solution and as cross-linked coatings. All tested benzophenone-chitosan derivatives

retained their antimicrobial properties in solution to a degree comparable to the IC90

values of unmodified chitosan as reported in the literature. However, when the deriva-

tives were applied as a coating, their effects were different, with the 30% substituted

chitosan displaying the most favorable properties. The 30% substituted chitosan coat-

ing demonstrated a reduction in viable bacteria by up to 5-fold and inhibition of biofilm

to the extent that EPS was almost undetectable by crystal violet staining. This was

combined with good biocompatibility for several cell lines evaluated according to ISO

10993-5 and a uniform coating on a PEEK surface.

The third and central part of this thesis (Chapter 3.1) was the development of a rapid

AST system, that enables the transition from current empirical antibiotic therapy to

evidence-based, targeted antibiotic therapy as the clinical standard. For this purpose,

it was crucial to reduce the overall turnaround time from sampling to AST result from

the current 24 hours or more to around 8 hours, enabling the physician to start tar-

geted antibiotic therapy within one working shift. This required two major achieve-

ments: Firstly, a device had to be produced that allowed the test to be performed under

controllable and advantageous conditions, e.g., in terms of evaporation and handling.

Secondly, the test had to be able to be injected directly with the patient sample without

time-consuming sample preparation, as preculture and transportation are excessively

time-consuming.

The first achievement was realized with a fused deposition modeling 3D printer, whose
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suitability in terms of adaptability for different geometries, accuracy and also the non-

toxicity of the printing material was demonstrated. In chapter 3.1.1 it was shown that

microfluidic structures with dimensions of approximately 100 µm can be produced and

that the design can be easily adapted to create distribution networks, concentration

gradients or measurement chambers suitable for biomedical applications. This was

demonstrated for a cytotoxicity screening system and an osteoblast differentiation as-

say. The flexibility in device design was essential for the development of a 3D-printed

device that enabled the electrochemical AST described in chapter 3.1.2. The electro-

chemical test setup benefited from the 3D-printed device in several ways: low evapora-

tion, easy handling and sample injection, integration of the electrode into the measuring

chamber, non-toxicity of the material and sterilizability via UV light.

For realizing the second mentioned achievement, the direct testing of the patients sam-

ple without extensive sample treatment like preculture, the 3D printed device was com-

bined with electrochemical measurement methods for bacterial growth. The electro-

chemical measurement of bacterial growth had a decisive advantage over other meth-

ods, particularly fluorescence. It offered comparable sensitivity at lower cost and lower

power consumption, the possibility of sequential online measurement of different elec-

trochemical methods with the same experimental setup and compatibility with microfab-

rication technology [132]. By combining all the benefits described above with computer-

assisted analysis using a Python script, the AST presented is able to provide a result 5

to 10 hours after sampling. This was demonstrated for serum samples spiked with clin-

ically relevant pathogens (Escherichia coli, Staphylococcus aureus, Klebsiella pneu-

moniae and Pseudomonas aeruginosa) in realistic concentrations (1000 CFU/ml in

spiked serum) corresponding to a bloodstream infection. Validation of the AST against

the gold standard by agar diffusion test showed a sensitivity of 94.44% and a speci-

ficity of 95.83%. This was accomplished by considering each replicate individually and

100% for both when considering the majority of results from each triplicate.

Future improvements of the method, particularly in terms of feasibility in a clinical set-

ting, must address the automation of the workflow such that the system provides the

physician with a report containing information on the minimum inhibitory concentration

and resistances of the sample to the antibiotics tested. From this perspective, it would

also be necessary to validate the method in a multi-chamber device with pre-loaded

antibiotics in the future, which would resemble a disposable cassette allowing samples

to be loaded immediately into the device and automatically distributed to the measuring

chambers.

Overall, it can be concluded that the approaches demonstrated in this thesis may con-
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tribute significantly to overcome the antibiotic crisis. In particular the AST system pre-

sented could impact the challenge of multidrug-resistant pathogens at a fundamental

level by providing the information needed for evidence-based, targeted antibiotic ther-

apy. This would both improve treatment outcomes for patients together with the rate

of emerging resistance correlating with the total amount of antibiotics used, in par-

ticular broad-spectrum antibiotics. However, even if antibiotics are used responsibly

and appropriately, new resistances will still emerge in the long-term rendering exist-

ing antibiotics useless. The development of new antibiotics and strategies, such as

the antibacterial coatings or glycomimetic adjuvants presented, is therefore essential

alongside conventional antibiotics in order to continue to offer the healthcare system

effective treatment options for infectious diseases in the future.
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Influence of printing parameters 
The influence of the parameters, printing temperature (ϑ), printing speed (v), layer height (h) and fan speed (fan) on the achieved 

printing resolution was analyzed. The following diagrams show the results for each tested polymer and parameter. The original 

parameters are based on the manufacturer's specifications for the respective polymer. 

Analyzed parameter: printing temperature (ϑ) 

 

Fig. S1|Obtained dimensions of the 3D printed poly (lactic acid) (PLA) test device for various printing temperatures. 

Remaining parameters were kept constant at v = 30 mm/s, h = 50 µm and fan = 100%.  Results are shown for the X-, Y- and Z-

axis separately. Values shown as mean ± standard deviation of 3 devices. 

 

Fig. S2 | Obtained dimensions of the 3D printed poly (methyl methacrylate) (PMMA) test device for various printing 

temperatures. Remaining parameters were kept constant at v = 50 mm/s, h = 100 µm and fan = 50%.  Results are shown for the 

X-, Y- and Z-axis separately. Values shown as mean ± standard deviation of 3 devices. 
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Fig. S3 |Obtained dimensions of the 3D printed polycarbonate (PC) test device for various printing temperatures. 

Remaining parameters were kept constant at v = 50 mm/s, h = 100 µm and fan = 0%.  Results are shown for the X-, Y- and Z-

axis separately. Values shown as mean ± standard deviation of 3 devices. 

Analyzed parameter: printing speed (v) 

 

Fig. S4|Obtained dimensions of the 3D printed poly (lactic acid) (PLA) test device for various printing speeds. Remaining 

parameters were kept constant at ϑ = 190 °C, h = 50 µm and fan = 100%.  Results are shown for the X-, Y- and Z-axis separately. 

Values shown as mean ± standard deviation of 3 devices. 

 

Fig. S5 |Obtained dimensions of the 3D printed poly (methyl methacrylate) (PMMA) test device for various printing 

speeds. Remaining parameters were kept constant at ϑ = 245 °C, h = 100 µm and fan = 50%.  Results are shown for the X-, Y- 

and Z-axis separately. Values shown as mean ± standard deviation of 3 devices. 
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Fig. S6|  Obtained dimensions of the 3D printed polycarbonate (PC) test device for various printing speeds. Remaining 

parameters were kept constant at ϑ = 240 °C, h = 100 µm and fan = 0%.  Results are shown for the X-, Y- and Z-axis separately 

Values shown as mean ± standard deviation of 3 devices. 

Analyzed parameter: layer height (h)  

 

Fig. S7| Obtained dimensions of the 3D printed poly (lactic acid) (PLA) test device for various layer heights. Remaining 

parameters were kept constant at ϑ = 190 °C, v =70mm/sand fan = 100%.  Results are shown for the X-, Y- and Z-axis separately. 

Values shown as mean ± standard deviation of 3 devices. 

 

Fig. S8 | Obtained dimensions of the 3D printed poly (methyl methacrylate) (PMMA) test device for various layer heights. 

Remaining parameters were kept constant at ϑ = 245 °C, v = 70 mm/s and fan = 50%.  Results are shown for the X-, Y- and Z-

axis separately. Values shown as mean ± standard deviation of 3 devices. 
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Fig. S9 |Obtained dimensions of the 3D printed polycarbonate (PC) test device for various layer heights. Remaining 

parameters were kept constant at ϑ = 240 °C, v = 80 mm/s and fan = 0%.  Results are shown for the X-, Y- and Z-axis separately. 

Values shown as mean ± standard deviation of 3 devices. 

Analyzed parameter: fan speed (fan) 

 

Fig. S10| Obtained dimensions of the 3D printed poly (lactic acid) (PLA) test device for various fan speeds. Remaining 

parameters were kept constant at ϑ = 190 °C, v = 70 mm/s and h = 100 µm.  Results are shown for the X-, Y- and Z-axis separately. 

Values shown as mean ± standard deviation of 3 devices. 

 

Fig. S11|Obtained dimensions of the 3D printed poly (methyl methacrylate) (PMMA) test device for various fan speeds. 

Remaining parameters were kept constant at ϑ = 245 °C, v = 70 mm/s and h = 100 µm.  Results are shown for the X-, Y- and Z-

axis separately Values shown as mean ± standard deviation of 3 devices. 
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Fig. S12| Obtained dimensions of the 3D printed polycarbonate (PC) test device for various fan speeds. Remaining 

parameters were kept constant at ϑ = 240 °C, v = 80 mm/s and h = 100 µm.  Results are shown for the X-, Y- and Z-axis separately. 

Values shown as mean ± standard deviation of 3 devices.  
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Microscopic images of the 3D-printed test devices 
 

PLA test device 

 

Fig. S13 | Representative microscopic images of FDM printed micro channels in a poly (lactic acid) (PLA) test device. 

Analysis performed with “imageJ” (Version 1.52a, National Institutes of Health, USA). Scale bar measures 200 µm. 

PMMA test device 

 

Fig. S14 |Representative microscopic images of FDM printed micro channels in a poly (methyl methacrylate) (PMMA) test 

device. Analysis performed with “imageJ” (Version 1.52a, National Institutes of Health, USA). Scale bar measures 200 µm. 
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PC test device 

 

Fig. S15|Representative microscopic images of FDM printed micro channels in a PC test device. Analysis performed with 

“imageJ” (Version 1.52a, National Institutes of Health, USA). Scale bar measures 200 µm. 

Relative deviation between experimental dimensions and CAD dimensions 

 

Fig.S16|Relative deviation between experimental dimensions and CAD dimensions in X-

direction. 
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Fig.S17|Relative deviation between experimental dimensions and CAD dimensions in X-

direction. 

 

 

Fig.S18|Relative deviation between experimental dimensions and CAD dimensions in X-

direction. 
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Biocompatibility 

 

Fig. S19|Representative microscopic images of FDM printed polymer discs cultivated with human mesenchymal stem 

cells (hMSC) for 24 and 48 hours.Viability of hMSC cultivated on PLA, PMMA and PC discs was analyzed with MTT assay and 

compared to untreated hMSCs cultivated in a standard tissue culture 24-well plate. Images were taken after staining with MTT. 

Scale bar measures 500 µm. 
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Abstract 

One of the most important public health concerns is the increase in antibiotic-resistant pathogens and corresponding treatment of 

associated infections. Addressing this challenge requires more efficient use of antibiotics, achievable by the use of evidence-

based, effective antibiotics identified by antibiotic susceptibility testing (AST). However, the current standard method of phenotypic 

AST used for this purpose requires 48 hours or more from sample collection to result. Until results are available, broad-spectrum 

antibiotics are used to avoid delaying treatment. The turnaround time must therefore be shortened in order for the results to be 

available before the second administration of antibiotics. The phenotypic electrochemical AST method presented here identifies 

effective antibiotics within 5 - 10 hours after sampling. Spiked serum samples, including polymicrobial samples, with clinically 

relevant pathogens and respective concentrations commonly found in bloodstream infections (E. coli, S. aureus, K. pneumoniae 

and P. aeruginosa) are used. Direct loading of the test with diluted serum eliminates the need for a pre-culture, as required by 

existing methods. Furthermore, by combining several electrochemical measurement procedures with computational analysis, 

allowing the method to be used both online and offline, the AST achieves a sensitivity of 94.44% and a specificity of 95.83% 

considering each replicate individually. 

Keywords: antibiotic susceptibility testing, phenotypic, antibiotic resistances, 3D printer, screen printed electrodes, no preculture 
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Experimental Section 

Differential Pulse Voltammetry (DPV) for Concentration Determination of Resazurin 

Measurement of resazurin by the DPV method was investigated with two SPEs for linearity and signal strength. Electrodes were 

electrochemically cleaned before use by 5 cycles of cyclic voltammetry in PBS. Solutions with 0; 0.01; 0.05; 0.1; 0.5 and 1 mM 

Resazurin solved in PBS, 25/75% FCS/LB medium or 100% FCS were tested. Measurements were performed with the PalmSens4 

potentiostat and the Software PSTrace after equilibrium was reached. The following parameters were used for DPV measurement: 

IS-C electrode (Ebegin = -0.8 V; Eend = 0.0 V; Epulse = 0.05 V; tpulse = 0.01 s; Scan rate = 0,05 V/s) and BVT-AC1 electrode 

(Ebegin = -1.4 V; Eend = 0 V; Epulse = 0.5 V; tpulse = 0.01 s; Scan rate = 0,05 V/s). DPV curves were exported from PSTrace after 

moving average baseline correction and plotted using GraphPad Prism 8 (GraphPad Software, USA). 

Pre-wetting of Electrodes 

Devices were pre-treated to evaluate the influence of wetting effects on the initial time to reach an equilibrium state. Therefore, 

sterile devices (aerobic design, one chamber) were loaded with 100 µl millipore water, PBS, LB-medium, 75% LB 25% FCS, 100% 

FCS or none (untreated) and incubated at 37°C in a humidified incubator for 2 h. Afterwards, the added liquid was removed and 

the devices were loaded with 200 µl sample consisting of 50 µl FCS and 150 µl LB medium with 0.2 mM Resazurin. For this test 

samples were used without bacteria and antibiotics as these have shown no effect on the initial phase of the measurement so far. 

Polymicrobial Samples 

The suitability of the electrochemical prototype for evaluating efficacy of tested antibiotics for polymicrobial samples was tested 

for combinations of three strains spiked (each strain to 333 CFU/ml) in human plasma from healthy donors purchased from Sigma-

Aldrich (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany). Strain combinations were selected from the 7 strains to obtain 4 

combinations ranging from 3 sensitive (S) to 3 resistant (R) strains (SSS, RSS, RRS, RRR) per antibiotic to be tested. Each 

polymicrobial sample was mixed in a labeled 1.5 ml reaction tube by adding 180 µl LB-medium, 5 µl of 10 mM Resazurin stock, 

2.5 µl of the respective 10 mg/ml antibiotic stock and 62.5 µl spiked human plasma (each strain 333 CFU/ml; combined around 

1000 CFU/ml). Then, 200 µl of samples were transferred to electrochemical devices (aerobic design, one chamber), connected 

to the potentiostat PalmSens4 and incubated in a humidified incubator at 37°C. DPV and EIS measurements were performed 

every 10 minutes for 20 h and growth was detected using the combined method approach. 

Minimum Inhibitory Concentration Assay 

Minimum inhibitory concentration (MIC) was tested according to an adapted version of Kowalska-Krochmal et al.[1] and ISO 20776-

1.[2] The assay was performed as broth microdilution in a 96-wellplate (TPP Techno Plastic Products AG, Trasadingen, 

Switzerland) design  and on the electrochemical devices to evaluate comparability for MIC measurements with the prototype using 

human serum samples from healthy donors purchased from Sigma-Aldrich (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) 

spiked with corresponding bacteria of an overnight culture to match a clinical blood sample. The sensitive strains S. aureus (DSM 

799) and K. pneumoniae (DSM 30104) were choosen as example strains based on their relevance for bloodstream infections 

(BSI) and their sensitive character to the test antibiotics kanamycin and oxytetracycline. 
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For comparability reasons, both  MIC assays (broth microdilution and prototype) were performed in an overall volume of 200 µl 

25% human serum 75% LB-medium. For the broth microdilution method a 96-wellplate was loaded with 50 µl of a 10-fold dilution 

series (400 µg/ml – 0.4 µg/ml corresponding to 100 µg/ml – 0.1 µg/ml in endvolume of 200 µl) of kanamycin or oxytetracycline in 

LB-medium. Then, 50 µl human plasma spiked with 2 x 106 CFU/ml (final concentration in 200 µl according to Kowalska-Krochmal 

et al.:[1] 5 x 105 CFU/ml) and 100 µl LB-medium were added, resulting in 200 µl per well. The lid of the wellplate was closed, sealed 

with parafilm and incubated for 24 h at 37°C in an incubator. After 24 h photos were taken and growth was visually analyzed. 

The MIC assay in the electrochemical prototype was performed similarly with some modifications: 250 µl were prepared in 1.5 ml 

reaction tubes, of which 200 µl were added to the device. 62.5 µl of  a 10-fold dilution series (400 µg/ml – 0.4 µg/ml corresponding 

to 100 µg/ml – 0.1 µg/ml in endvolume of 250 µl) of kanamycin or oxytetracycline in LB-medium were added to labeled 1.5 ml 

reaction tubes. Then, 62.5 µl human plasma spiked with 1000 CFU/ml and 125 µl LB-medium containing 0.4 mM Resazurin 

(corresponds to 0.2 mM Resazurin in 250 µl) was added, resulting in 250 µl per tube. The sample was mixed and 200 µl were 

loaded into an electrochemical device (aerobic design, one chamber), connected to the potentiostat PalmSens4 and incubated in 

a humidified incubator at 37°C without shaking. DPV and EIS measurements were performed every 10 minutes for 20 h and 

growth was detected using the combined method approach. 
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Results and Discussion 

DPV - Signal Changes 

The measurement of resazurin metabolism by DPV was indicated by a change in current flow at the peak characteristic of 

resazurin. An increase in bacterial growth was usually accompanied by a decrease in current intensity (e.g. Figure S2 to S8). In 

the case of K. pneumoniae, however, in addition to the decrease, a time-shifted increase was also observed, which also occurred 

in the case of P. aeruginosa, but without the characteristic decrease. As this behavior was specific for these pathogens, it was 

tested whether it also occurs without the addition of resazurin, which occurred to be the case, as shown in Figure S11, although 

to a lesser extent. As the signal is not entirely related to resazurin, it is assumed, that it originates from a metabolic product. 

Nevertheless, a detailed evaluation of the underlying mechanisms has not yet been carried out. For the measurement of growth, 

however, the use of this effect is also suitable, since it only occurs when growth is present. 

Antibiotic Susceptibility Test by Bacterial Metabolism of Resazurin – Linearity by Differential Pulsed Voltammetry (DPV) 

Several concentrations of resazurin in PBS or 25/75% FCS/LB were analyzed by DPV. The results obtained are shown in Figure 

S9 for IS-C and BVT screen printed electrodes (SPEs). Measurements in PBS showed nonlinear behavior for IS-C but not for 

BVT SPEs, as shown in Figure S10, which is likely caused by diffusion limitations at the electrode surface, since the carbon-based 

(IS-C) SPEs have a larger surface area than the tested gold electrodes (BVT) due to the porous structures of the electrode 

material.[3,4] However, when tested in 25/75% FCS/LB, the IS-C electrodes also showed a linear behavior, probably due to the 

biomolecules present in the FCS and LB media, which blocked part of the electrochemically available surfaces and reduced the 

reaction rate, making diffusion limitation less crucial. A decrease in the reaction rate of resazurin in PBS to 25/75% FCS/LB is 

also evident when comparing the maximum current values for the same resazurin concentration, e.g., 52.13 ± 4.80 µA in PBS 

versus 21.37 ± 6.31 µA in 25/75% FCS/LB for 0.5 mM resazurin at the IS-C electrode. This trend continued in 100% FCS (Figure 

S10) to 4.093 µA for 0.5 mM resazurin. As shown in Figure S10, DPV measurements were possible in 100% FCS, but 25/75% 

FCS/LB was chosen in the antibiotic susceptibility testing (AST) experiments since the parallel EIS measurements in 100% FCS 

led to non-reproducible results and interference. 

Effect of Pre-wetting Electrodes on Time to Initial Equilibrium 

The effect of pre-treatment of the electrodes by wetting prior to the experiment was assessed by the time until a stable current 

(Iinitial increase) ,according to Dalheim et al.,[5] and the time from which a steady rise in the measured impedance from the minimum 

(Zlow) was observed. The initial increase in I, which was observed in all measurements with and without bacteria and was 

accompanied by an initial decrease in Z, was shortened by the pre-treatment of the electrode. However, different effects were 

observed depending on the medium used. As shown in Figure S12, using millipore water for pre-treatment showed no effect (Iinitial 

increase: 3h10min; Zlow: 0h20min – 1h40mi) compared to the untreated device (Iinitial increase: 3h30min; Zlow: 0h20min – 1h40min), 

whereas PBS led to a reduction in the time to reach a stable current by more than one hour, but did not reduce time until impedance 

increased (Iinitial increase: 2h20min; Zlow: 0h30min – 1h50min). The use of LB medium to pre-wet the electrodes showed a similar trend 

as PBS but to a greater extent, as the equilibrium of I was observed after 30 min, but was unstable as it dropped rapidly thereafter. 

In addition, no change was observed for Zlow (0h10min - 1h50min) compared to the untreated device. Pre-treatment with 75% LB 

25% FCS showed better results, although Iinitial increase was reached later, the current was more stable afterwards and Z increased 
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from its low value after only 1 hour and 10 minutes (Iinitial increase: 2h00min; Zlow: 0h10min - 1h10min), shortening the initial equilibrium 

phase to about 2 hours. The same was observed for the pre-treatment with 100% FCS (Iinitial increase: 2h00min; Zlow: 0h20min – 

1h10min), whereas pre-treatment with FCS also showed a permanent drop in the measured current to around 4 µA, while values 

between 6 and 5 µA were observed for the untreated device. 

Polymicrobial Samples 

The method was further tested for samples containing multiple strains in order to demonstrate its suitability for assessing antibiotic 

susceptibility for polymicrobial infections directly from the patient sample without prior isolation of the strains. The pathogen 

combinations for the tests with 3 resistant pathogens differ, as only 2 of the tested strains were resistant to oxytetracycline (see 

Figure 3). Therefore, instead of S. aureus (DSM 28766), which was only resistant to kanamycin, P. aeruginosa (DSM 25123) was 

added as a third strain for treatment with oxytetracycline, as it showed tolerance to oxytetracycline, although not complete 

resistance. The method presented, determines whether growth is present or not, i.e. it can determine whether one or more strains 

present in the sample are resistant to the treatment (growth is detected) or whether all strains present are susceptible (no growth 

is detected). For clinical decision-making an antibiotic effective against all bacteria present in the sample is then selected. 

The results presented in Figure S13 show good agreement between the expected growth when one or more of the three pathogens 

are resistant and the growth observed with the combined method. The exception concerned treatments with kanamycin when 1 

or 2 resistant pathogens were present. Contrary to expectations, no growth was observed in the test with these combinations. 

Two hypotheses were tested: firstly, as kanamycin has already been shown to slow the growth of K. pneumoniae (DSM103706) 

(see Figure S5), it was hypothesised that sufficient growth would only be present after 20 hours and, therefore, was not detected. 

However, no growth was visually observed in the device even after 48 hours of incubation. The second hypothesis was that the 

resistance mechanism is dependent on the bacterial concentration, e.g. in the case of enzymatic inactivation of the aminoglycoside 

kanamycin.[6] Since the initial concentration of bacteria in the test was only around 333 CFU/ml per strain (1000 CFU/ml in total), 

compared to 1000 CFU/ml in the experiments where resistance (growth) was detected (see Figure S5), the experiment was 

repeated for these combinations with 1000 CFU/ml per strain (3000 CFU/ml in total Growth was observed at the higher initial 

concentrations of bacteria (see Figure S14), indicating that the resistance mechanism of the pathogens depends on the amount 

of bacteria present. 

Minimum Inhibitory Concentration (MIC) 

A combination of two sensitive strains were randomly selected from the strains used in the study and the MIC for these was 

evaluated using both standard broth microdilution and 3D printed prototype with electrochemical detection by the combined 

method. The results are shown in Figure S15 and demonstrate agreement between the broth microdilution test adapted from ISO 

20776-1 [2] and the combined method in the 3D printed prototype. 
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Figure S1. Pictures of possible 3D printed device designs. Devices with implemented SPEs (A: IS-C; B, C: BVT) filled with 25/75% FCS/LB 

containing 1 mM Resazurin. A) Aerobic design with air space for oxygen exchange and Luer-Lock cap for sterile sealing. B) Anaerobic design 

without air space for oxygen exchange and Luer lock closure for sterile sealing. C) Multi-chamber variant of the anaerobic design with Luer-Lock 

closures (inlet and outlet) for sterile sealing. Devices were printed from PMMA (very low oxygen permeability). 
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Figure S2. Electrochemical measurement and bioinformatics analysis for antibiotic susceptibility of Escherichia coli (DSM 498). Bacterial growth 

of E. coli with 100 µg/ml kanamycin, 100 µg/ml oxytetracycline, or without antibiotic was measured by differential pulsed voltammetry (DPV) and 

electrochemical impedance spectroscopy (EIS) in aerobic test device with an IS-C screen printed electrode. The plots show one of three 

representative replicates with evidence of growth by different parameters (current (I), potential (U), impedance (Z) and combined method (score)). 
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Figure S3. Electrochemical measurement and bioinformatics analysis for antibiotic susceptibility of Staphylococcus aureus (DSM 28766). 

Bacterial growth of S. aureus with 100 µg/ml kanamycin, 100 µg/ml oxytetracycline, or without antibiotic was measured by differential pulsed 

voltammetry (DPV) and electrochemical impedance spectroscopy (EIS) in aerobic test device with an IS-C screen printed electrode. The plots 

show one of three representative replicates with evidence of growth by different parameters (current (I), potential (U), impedance (Z) and combined 

method (score)). 
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Figure S4. Electrochemical measurement and bioinformatics analysis for antibiotic susceptibility of Staphylococcus aureus (DSM 799). Bacterial 

growth of S. aureus with 100 µg/ml kanamycin, 100 µg/ml oxytetracycline, or without antibiotic was measured by differential pulsed voltammetry 

(DPV) and electrochemical impedance spectroscopy (EIS) in aerobic test device with an IS-C screen printed electrode. The plots show one of 

three representative replicates with evidence of growth by different parameters (current (I), potential (U), impedance (Z) and combined method 

(score)). 
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Figure S5. Electrochemical measurement and bioinformatics analysis for antibiotic susceptibility of Klebsiella pneumoniae (DSM 103706). 

Bacterial growth of K. pneumoniae with 100 µg/ml kanamycin, 100 µg/ml oxytetracycline, or without antibiotic was measured by differential pulsed 

voltammetry (DPV) and electrochemical impedance spectroscopy (EIS) in aerobic test device with an IS-C screen printed electrode. The plots 

show one of three representative replicates with evidence of growth by different parameters (current (I), potential (U), impedance (Z) and combined 

method (score)). 
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Figure S6. Electrochemical measurement and bioinformatics analysis for antibiotic susceptibility of Klebsiella pneumoniae (DSM 30104). Bacterial 

growth of K. pneumoniae with 100 µg/ml kanamycin, 100 µg/ml oxytetracycline, or without antibiotic was measured by differential pulsed 

voltammetry (DPV) and electrochemical impedance spectroscopy (EIS) in aerobic test device with an IS-C screen printed electrode. The plots 

show one of three representative replicates with evidence of growth by different parameters (current (I), potential (U), impedance (Z) and combined 

method (score)). 
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Figure S7. Electrochemical measurement and bioinformatics analysis for antibiotic susceptibility of Pseudomonas aeruginosa (DSM 102273). 

Bacterial growth of P. aeruginosa with 100 µg/ml kanamycin, 100 µg/ml oxytetracycline, or without antibiotic was measured by differential pulsed 

voltammetry (DPV) and electrochemical impedance spectroscopy (EIS) in aerobic test device with an IS-C screen printed electrode. The plots 

show one of three representative replicates with evidence of growth by different parameters (current (I), potential (U), impedance (Z) and combined 

method (score)). 
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Figure S8. Electrochemical measurement and bioinformatics analysis for antibiotic susceptibility of Pseudomonas aeruginosa (DSM 25123). 

Bacterial growth of P. aeruginosa with 100 µg/ml kanamycin, 100 µg/ml oxytetracycline, or without antibiotic was measured by differential pulsed 

voltammetry (DPV) and electrochemical impedance spectroscopy (EIS) in aerobic test device with an IS-C screen printed electrode. The plots 

show one of three representative replicates with evidence of growth by different parameters (current (I), potential (U), impedance (Z) and combined 

method (score)). 

 

Figure S9. Differential pulse voltammetry (DPV) graphs of resazurin. DPV measurement of Resazurin on IS-C (graphite) and BVT (gold) 
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electrodes at different concentrations in 25/75% FCS/LB (A, B) or PBS (C, D). Values are shown as mean of (IS-C and BVT) 2 devices á 3 

measurements. 

Figure S10. Concentration dependent signals of differential pulse voltammetry (DPV) for resazurin. Measurement of Signal on IS-C (graphite) 

and BVT (gold) electrodes at different concentrations in PBS (A and B), 25/75% FCS/LB (C and D) or 100% FCS (E and F). Current intensities of 

concentration dependent peak are shown as absolute values (A, C and E) or normalized for each electrode (B, D and F; 0 = lowest value, 100 = 

highest value). Values are shown as mean ± SD of (IS C and BVT) 2 devices á 3 measurements each (100% FCS only 1 device á 1 measurement). 

Linear regression or non-linear regression (IS-C in PBS) were performed with GraphPad Prism 8.  
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Figure S11. Differential pulsed voltametry (DPV) measurement without Resazurin. Current intensity (I) measured by DPV at – 0.3 V for P. 

aeruginosa (DSM 25123), P. aeruginosa (DSM 102273) and K. pneumoniae (DSM 30104) without the supplementation of Resazurin. Bacterial 

strains were treated with 100 µg/ml kanamycin, 100 µg/ml oxytetracycline, or without antibiotic in an aerobic test device with an IS-C screen 

printed electrode.  

 

Figure S12. Influence of pre-treatment of the electrodes on the time to reach equilibrium. Aerobic one-chamber devices (n = 1) were pre-incubated 
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2 h with A) none, B) millipore water, C) PBS, D) LB-medium, E) 75% LB 25% FCS or F) 100% FCS prior to loading with 25/75% FCS/LB containing 

0.2 mM Resazurin (t = 0 h). Time for initial increase of current (Iinitial increase) and time for initial low of impedance (Zlow) indicated with arrows for each 

pre-treatment. 

Figure S13. Evaluation of artificial polymicrobial infections in human plasma by the combined method in the 3D printed prototype. Measurements 

(n = 1) were performed for combinations of three strains randomly selected from the available pathogens used in this study to match samples 

from 3 sensitive (S) to 3 resistant (R) strains for both antibiotics.  
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Figure S14. Evaluation of artificial polymicrobial infections in human plasma by the combined method in the 3D printed prototype. Measurements 

(n = 1) were performed for combinations of three strains according to Figure S13. Initial bacteria concentration of treated samples were tested 

with 1000 CFU/ml per strain to match non-polymicrobial AST experiments. 
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Figure S15. Minimum inhibitory concentration (MIC) measurement by A) broth microdilution and B) 3D printed prototype. Measurements (n = 1) 

were performed for 2 sensitive strains, S.aureus (DSM 799) and K. pneumoniae (DSM 30104), with different concentrations of kanamycin and 

oxytetracycline. Detection of growth for the electrochemical AST was performed with the combined method. 
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Figure S1. Brightfield images after crystal violet staining of biofilm formation on polymer coatings. 

PDMAm corresponds to the unmodified acrylate coating. Images were taken with 100× magnifica-

tion using the microscope Observer.Z1 (Zeiss, Germany) after 24, 48 and 72 h of cultivation. Scale 

bar measures 0.1 mm. 
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Figure S2. Fluorescent images after Live/Dead staining of E. coli and MRSA in the high-nutrition 

environment after 24 h of cultivation. PDMAm corresponds to the unmodified acrylate coating. 

Images were taken with 100× magnification using the microscope Observer.Z1 (Zeiss, Germany). 

Scale bar measures 0.1 mm. 
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Figure S3. Fluorescent images after Live/Dead staining of E. coli and MRSA in the high-nutrition 

environment after 48 hours of cultivation. PDMAm corresponds to the unmodified acrylate coating. 

Images were taken with 100x magnification using the microscope Observer.Z1 (Zeiss, Germany). 

Scale bar measures 0.1 mm. 
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Figure S4. Fluorescent images after Live/Dead staining of E. coli and MRSA in the high-nutrition 

environment after 72 h of cultivation. PDMAm corresponds to the unmodified acrylate coating. Im-

ages were taken with 100× magnification using the microscope Observer.Z1 (Zeiss, Germany). Scale 

bar measures 0.1 mm. 
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Abstract: Chitosan derivatives substituted with benzophenone groups that can be cross-linked by ultraviolet light were synthesized as coatings 
for PEEK substrates used in the construction of lumbar cages. The IC90 values of the benzophenone-modified chitosan polymers in solution 
before crosslinking were in the same range as those reported for native chitosan. The resulting hydrogel surface after crosslinking exhibited 
excellent antimicrobial properties and was highly effective (up to 5 log-fold) against clinically relevant strains of methicillin-resistant S. aureus 
and E. coli. As a result, the coated surface also significantly reduced biofilm formation. The coatings show good biocompatibility with numerous 
cell lines as well as low levels of cytotoxicity (ISO 10993-5) and pyrogenicity (ISO 10993-11). The coatings also exhibited strong antioxidant 
properties toward formed hydroxyl radicals in an in-vitro Fenton reaction. Overall, substitution of chitosan with benzophenone residues is an 
interesting and important approach to the functionalization of materials used for medical implants that are prone to microbial contamination and 
mechanical failure. Biocompatible antimicrobial coatings might also be employed in photopatterning methods used in the design of medical 
devices. 
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1. Synthesis 

1.1 Calibration curve of 4-benzoyl-benzoic acid in EtOH 

 

Figure S1. Full spectrum (left) and calibration curve with corresponding formula calculated with maxima at 263 nm of 4-benzoyl-benzoic acid in EtOH, used for 
calculation of the degree of substitution of the benzophenone-chitosan derivatives. 
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2. Surface characterization 

2.1 XPS surface characterization  

 
Figure S2. XPS spectra of 100%-BP-CS and 33%-BP-CS coating, together with calculated ratios of the atoms in the coating. 
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2.2 SEM-EDS surface characterization 

 
Figure S3. SEM-EDS surface characterization of the 100%-BP-CS coating and the corresponding atomic concentrations. Area of measurement is marked in the 
SEM image. 

  

Element Atomic

conc.

Weight

conc.

Oxide 

Symbol

Stoich wt

conc.

O 58.54 % 64.38 %

C 31.75 % 26.21 %

N 9.64 % 9.28 %

Si 0.06 % 0.12 % SiO2 0.74 %
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3. Surface topology 

3.1 Microscopic images (200 x magnification) of the coatings 

 
Figure S4. Microscopic images of the coatings, taken with 200x magnification using the PerkinElmer IR Microscope. The shown areas were used for IR 
measurements of the coating.  

 

  

100%-BP-CS 50%-BP-CS 30%-BP-CS

12%-BP-CS 7%-BP-CS PEEK
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4. Microbiology 

4.1 Antibacterial assay for the evaluation of coatings 

Figure S5. Calibration curves of Escherichia coli (A) and Staphylococcus aureus (C) for the correlation between the logarithmic colony forming units (CFU) and 
the time needed to reach the growth curve´s maximum of the first derivative. The calculated first derivatives for Escherichia coli (B) and Staphylococcus aureus 
(D). 
  

A.2 Supporting Material for Chapter 3.2 163



          

7 

 

4.2 Bacteriostatic Assay 

 
Figure S6. Growth curves of alive bacteria after 24 h incubation in direct contact with polymer coatings. Three different concentrations were used in the casting 
process: 625 µg/cm² (A, B), 312.5 µg/cm² (C, D) and 62.5 µg/cm² (E, F). They were tested with bacterial solution of Staphylococcus aureus (B, D, F) and 
Escherichia coli (A, C, E). 
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Figure S7. Growth curves of Escherichia coli (A - E) and Staphylococcus aureus (F - J) treated with various concentrations of the chitosan derivatives solubilized 
in 1 mM HCl. 
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Biocompatibility 
 

 

Figure S1 | Biocompatibility of the compounds rac-7 and 3. Human mesenchymal stem cells (hMSC), human umbilical vein endothelial cells 

(HUVEC) and SaOS-2 human osteogenic sarcoma cells treated for 24 and 48 hours. A - C Evaluation of metabolic activity at different 

concentrations of CSPs with MTT – assay in comparison to vehicle control (VC). D – F Cellular reactive oxygen species (ROS) normalized to 

MTT – assay and compared to VC. VC was treated with same volume of PBS without CSPs. Values are shown as mean ± SD (n = 3). Statistical 

significance was analyzed with Two-way ANOVA and Dunnett post-hoc test against respective VC (ns, not significant; * p < 0.05; ** p < 0.01; 

*** p < 0.001). G – I Representative microsopic images of hMSCs, HUVECs and SaOS-2 cells treated with compounds rac-7 or 3. Scale bar 

measures 200 µm. 
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Microbial growth 
 

 
Figure S2 | Effects of the compounds rac-7 and 3 on the bacterial growth of Escherichia coli (E. coli; B, D, F) and methicillin-resistant 

Staphylococcus aureus (MRSA; A, C, E). Measured optical density at 600 nm (OD600) showing the growth curves treated with several 

concentrations of the carbasugar precursors (CSPs) rac-7 (A, B) and 3 (C, D) in LB medium. Concentration-dependent influence of CSPs on 

the generation time of E. coli (F) and MRSA (E) in LB medium (additional concentrations to Figure 3). Values are shown as mean (A - D: n = 3) 

or mean ± SD (E, F: n = 3). Statistical significance was analyzed with Two-way ANOVA and Dunnett post-hoc test against respective vehicle 

control (VC) (ns, not significant; * p < 0.05; ** p < 0.01; *** p < 0.001). 
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Biofilm 
 

  

Figure S3 | Evaluation of biofilm formation in the presence of compounds rac-7 and 3. Biofilm formation of Escherichia coli (E. coli; A – B) 

and methicillin-resistant Staphylococcus aureus (MRSA; C – D) after 24, 48 and 72 hours of incubation in the presence of 10 mM to 10 nM 

carbasugar precursors. Absolute values are shown as mean ± SD (n = 2). Statistical significance was analyzed with Two-way ANOVA and 

Dunnett post-hoc test against respective vehicle control (n s, not significant; * p < 0.05; ** p < 0.01; *** p < 0.001). 
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NMR Spectra 

 
Figure S4 | 1H-NMR spectrum of compound 2. 

 

Figure S5 | 13C-NMR spectrum of compound 2. 
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Figure S6 | 1H-NMR spectrum of compound 3. 

 

Figure S7 | 13C-NMR spectrum of compound 3.  
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Figure S8 |COSY spectrum of compound 3. 

 

Figure S9: NOESY spectrum of compound 3 with indicated crosscoupling. 
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Figure S10 | 1H-NMR spectrum of compound 6. 

 

Figure S11 | 13C-NMR spectrum of compound 6. 
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Figure S12 | 1H-NMR spectrum of compound 7. 
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