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Abstract/Kurzfassung 

Abstract 
The last years have witnessed a link between the COVID-19 pandemic with increasing numbers of 

vulnerable patients and globally emerging incidences of severe drug-resistant fungal infections, thus, 

calling for rapid, reliable, and sensitive diagnostic tools for fungal infections. However, despite strong 

warnings from health authorities, such as the World Health Organization, concerning the fatal consequences 

of the global spread of drug-resistant pathogenic fungi, progress in fungal infection diagnosis and therapy 

is still limited. Today, gold standard methods for revealing resistance and susceptibility in pathogenic fungi, 

namely antifungal susceptibility testing (AFST), require several days for completion, and thus this lengthy 

process can adversely affect antifungal therapy and further promote the spread of resistance.  

In this work, the use of photonic silicon chips consisting of micropatterned diffraction gratings as sensitive 

sensors for rapid AFST of clinically relevant fungal pathogens is investigated. These photonic chips provide 

a surface for the colonization of microbial pathogens at a liquid-solid interface and serve as the optical 

transducer element for label-free monitoring of fungal growth by detecting real-time changes in the white 

light reflectance. These sensor elements are used to track morphological changes of fungi in the presence 

of clinically relevant antifungals at varying concentrations to rapidly determine the minimum inhibitory 

concentration (MIC) values that help to classify pathogens as resistant or susceptible. We show that by 

careful design of the chip dimensions, this optical method can extend from bacteria, through yeasts, to 

filamentous fungi for accelerated AFST, which is at least three times faster than current gold standard 

methods and can provide same-day results. 

Moreover, a 3D-printed microfluidic gradient generator was designed to complement the assay and provide 

an integrated system, which can potentially be employed in point-of-care settings. This gradient generator 

produces the two-fold dilution series of clinically relevant antimicrobials in an automated manner and is 

interfaced with the photonic silicon chips to include a complete, on-chip, label-free, and phenotypic assay. 

Using the bacterial species Escherichia coli and ciprofloxacin as a model pathogen-drug combination, MIC 

values can be expeditiously determined within 90 minutes compared to current clinical practices, which 

typically require up to 24 h for bacterial species. 

Keywords: fungal pathogens; drug resistance; antifungal susceptibility testing; optical sensor; photonic 

silicon; microfluidics; 3D-printing 
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Abstract/Kurzfassung 

Kurzfassung 
In den letzten Jahren wurde eine Verbindung zwischen der COVID-19-Pandemie mit gestiegener Anzahl 

an geschwächten Patienten und der Zunahme resistenter Pilzinfektionen, die nach schnellen, verlässlichen 

und sensitiven Diagnostikmethoden verlangen, deutlich. Obwohl Organisationen wie die 

Weltgesundheitsorganisation vor den verheerenden Folgen der globalen Verbreitung resistenter pathogener 

Pilze warnen, wurden in den letzten Jahren kaum Fortschritte in der Entwicklung neuer diagnostischer und 

therapeutischer Methoden zur Behandlung von Pilzinfektionen erzielt. Goldstandard-Methoden zur 

Unterscheidung von resistenten und empfindlichen Erregern (antimikrobielle Empfindlichkeitstestung) 

benötigen mehrere Tage, sodass der Behandlungserfolg beeinträchtigt und die Verbreitung resistenter 

Erreger begünstigt wird.  

In dieser Arbeit werden photonische Siliziumchips, welche aus mikrostrukturierten optischen Gittern 

bestehen, als Sensoren für eine schnelle antimikrobielle Empfindlichkeitstestung von krankheitserregenden 

Pilzen und der Bestimmung der minimalen Hemmkonzentration (MHK) verwendet. Diese Siliziumchips 

bieten eine Oberfläche für das Wachstum mikrobieller Krankheitserreger, welche für die Größe und 

Morphologie verschiedener Mikroorganismen angepasst wird. Außerdem fungieren die Chips als optisch 

aktive Elemente, welche dazu dienen, das Pilzwachstum markierungsfrei und in Echtzeit anhand von 

Änderungen der Weißlicht-Reflexionsspektren dieser Chips zu beobachten, sodass ein schnelle 

Empfindlichkeitstestung mit Ergebnissen am selben Tag möglich wird. 

Darüber hinaus wurde ein 3D-gedruckter mikrofluidischer Gradientengenerator entworfen, welcher die 

gewünschten Verdünnungen klinisch relevanter Antibiotika und Antimykotika automatisch erzeugt, sodass 

erste Schritte hin zur Patienten-nahen Empfindlichkeitstestung aufgezeigt werden können. Die Integration 

der photonischen Siliziumchips in den Gradientengenerator erlaubt es ein umfassendes, markierungsfreies 

sowie automatisiertes und phänotypisches Verfahren für die Empfindlichkeitstestung zu erhalten. Mithilfe 

des bakteriellen Modellorganismus Escherichia coli und des Antibiotikums Ciprofloxacin wird gezeigt, 

dass die MHK innerhalb von 90 Minuten bestimmt werden kann; eine deutliche Reduzierung im Vergleich 

zu derzeitigen klinischen Verfahren, die bis zu 24 Stunden für bakterielle Krankheitserreger benötigen. 

Schlagwörter: Pilzinfektionen; Arzneimittelresistenz; Empfindlichkeitstestung von Pilzen; Optischer 

Sensor; Photonisches Silizium; Mikrofluidik; 3D-Druck 
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1 Preamble 
Drug-resistant pathogenic fungi, such as Aspergillus and Candida species, represent an underestimated 

source of harm and disease among humans. They account for more than 1.6 million deaths annually 

worldwide, and drug-resistant fungal pathogens are prevalent all over the globe.1–4 The spread of fungal 

infections in recent years is linked to climate change,4–6 and the emergence of resistant fungal pathogens is 

ascribed to the excessive use and misuse of antifungals in agriculture and clinical settings.7,8 Notably, the 

COVID-19 pandemic was also correlated with the spread of resistant fungal infections owing to increasing 

numbers of vulnerable and hospitalized patients.1,9–11 For instance, the multidrug-resistant pathogenic yeast 

Candida auris (C. auris), where some isolates are recognized as pan-resistant (resistant to all classes of 

antifungals),12 is now classified by the United States Centers for Disease Control and Prevention (CDC) as 

an urgent threat.13 

As part of the global mission of tackling antimicrobial-resistant fungi, proper antimicrobial stewardship 

requires rapid, reliable, and sensitive tools for fungal disease diagnostics.14,15 Antimicrobial susceptibility 

testing (AST), specifically antifungal susceptibility testing (AFST), is used to classify fungal pathogens 

into “resistant” and “susceptible” categories and helps to guide treatment decisions.15 In such diagnostic 

tests, pathogenic fungi are exposed to clinically-relevant antifungal agents at varying concentrations, and 

the minimum inhibitory concentration (MIC) is determined, allowing physicians to predict the outcome of 

antifungal therapy.16,17 Thus, AFST, including MIC determination, is essential for the correct antifungal 

prescription, improving treatment and reducing the spread of resistance.15 However, conventional methods 

for AFST suffer from several shortcomings which hamper their widespread usage. For example, 

traditionally employed methods for AFST, like broth microdilution (BMD) or agar-based tests, are 

laborious and lengthy (up to 3 days),18,19 while commercially-available automated methods (e.g., Vitek2, 

bioMérieux) are only available for yeast species and still require 12 – 18 h.20,21 Also, novel phenotypic 

approaches (e.g., mass spectrometry,22 flow cytometry,23 calorimetry,24,25 fluorescence microscopy26) have 

been only demonstrated for a limited organisms spectrum, rely on sophisticated and expensive 

instrumentation, or do not effectively expedite the assay time compared to existing methods. Nucleic acid-

based (genotypic) approaches indeed expedite resistance detection;18 yet, they lack the ability to reveal the 

phenotypic behaviour of a pathogen and fail when resistance-conferring genes or mutations are unknown.27  

Previously, the Segal group has developed a label-free silicon-based optical sensor system for monitoring 

the behaviour of bacteria and performing rapid AST.28 In this diagnostic platform, photonic silicon chips 

consisting of micropatterned diffraction gratings provide the optical transducer element as well as the 

surface for Escherichia coli (E. coli) colonization. Bacterial growth is optically tracked by phase-shift 

reflectometric interference spectroscopic measurements (termed PRISM), which analyze time-dependent 

phase shifts in the white light reflectivity from the photonic chips. MIC values were determined within 

1



Preamble 

 

2 – 3 h (compared to 8 h with state-of-the-art methods, Vitek2) by monitoring bacterial growth at varying 

concentrations of different clinically-relevant antibiotics.28 This work extends the concepts of PRISM for 

susceptibility testing of additional microorganisms and establishes for the first time a modified assay for 

rapid AFST of the yeast C. auris and the mould Aspergillus niger (A. niger) within only 6 h and 12 h, 

respectively.  

The potential to perform such accelerated susceptibility testing at a point-of-care setting (testing at the 

patient site)29 necessitates its successful miniaturization into a holistic device, where the integration of the 

various required steps (e.g., generation of the antimicrobial dilution series, sensing, and MIC determination) 

is accomplished.14,30,31 Thus, in this work, the use of 3D printing for the fabrication of a microfluidic 

gradient generator that automatically creates the desired antimicrobial concentrations (two-fold dilution 

series) for convenient on-chip susceptibility testing is demonstrated. The 3D-printed gradient generator is 

interfaced with the photonic silicon chips to include a complete and convenient on-chip assay for label-free 

and phenotypic AST. The MIC can be successfully and expeditiously determined within 90 min (compared 

to 8 – 24 h in current clinical practices) for the bacterial species Escherichia coli and ciprofloxacin as a 

model pathogen-drug combination. 
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2 Motivation and Research Aims 
The primary motivation of this work is to harness the optical properties of photonic silicon chips consisting 

of periodic arrays of microwell diffraction gratings and develop a platform for rapid, label-free, and 

convenient AFST. The development of resistance in fungal pathogens is recognized as an emerging global 

health risk, and there is an urgent need for rapid and reliable diagnostic tools to assist in the treatment of 

invasive fungal infections.18 Thus, this research aims to address this challenge by developing a new 

phenotypic, easy-to-use, cost-effective, and reliable assay for expeditious and label-free AFST that can 

potentially be performed in point-of-care settings. Such an assay can provide an alternative to existing 

techniques and enable advanced treatment decisions in antifungal therapy.  

The Segal group has demonstrated the application of photonic silicon chips consisting of diffraction 

gratings for rapid AST of bacteria. The optical PRISM assay allowed real-time monitoring of bacterial 

growth patterns in the presence of different antimicrobials at varying concentrations and MIC values 

determination within 2 – 3 h for E. coli.28 This research aims to extend this assay to fungal pathogens and 

develop a rapid AFST method for filamentous fungi and yeast species. Moreover, a second aim is to use 

high-resolution 3D printing to develop the PRISM AST assay into a convenient and automated method for 

point-of-care testing. 

The specific aims of this research are: 

(a) Photonic Silicon Chips for Rapid AFST of Filamentous Fungi. The research will focus on developing 

a protocol for rapid AFST of pathogenic filamentous fungi on photonic silicon chips using A. niger as a 

mould model species.  

(b) Rapid AFST of the Emerging Pathogenic Yeast C. auris. C. auris is an emerging and often multidrug-

resistant pathogenic yeast species.8 Thus, this part of the research will focus on the application of photonic 

silicon chips for rapid AFST of this fungal species. Moreover, the potential to differentiate yeast cells and 

bacteria by their growth patterns will be studied. 

(c) 3D Printing for Convenient and On-Chip AST. To evolve the PRISM assay into a method suitable for 

point-of-care testing, the potential of high-resolution 3D printing for the integration of various steps 

required for AST (e.g., the combination of antimicrobial dilutions preparation and growth monitoring) is 

investigated.
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3 Literature Survey 
The following literature survey consists of three sections and gives an overview of AFST, the application 

of 3D printing in biotechnology, and the use of microstructured silicon diffraction gratings as sensitive 

sensors for microbial growth monitoring and AST. First, the review article “Paving the Way to Overcome 

Antifungal Drug Resistance: Current Practices and Novel Developments for Rapid and Reliable Antifungal 

Susceptibility Testing” emphasizes the need for rapid fungal pathogen diagnostics and describes traditional 

AFST methods, as well as the latest developments in this field. Second, the review article “3D Printing in 

Biotechnology - An Insight into Miniaturized and Microfluidic Systems for Applications from Cell Culture 

to Bioanalytics” explains the different 3D printing techniques for the fabrication of microfluidic devices 

and how this technology can be used in the various fields of biotechnology. The final section then describes 

the function and application of silicon-based optical sensors for rapid and label-free microbial growth 

monitoring and AST in real-time. 

3.1 Antifungal Susceptibility Testing 
This section is reproduced from the following review article: 

“Paving the Way to Overcome Antifungal Drug Resistance: Current 

Practices and Novel Developments for Rapid and Reliable 

Antifungal Susceptibility Testing” 
 

Christopher Heuer, Janina Bahnemann, Thomas Scheper and Ester Segal 
 

Small Methods, 5, e2100713 (2021) 

 
Figure 1 Graphical abstract of the review article “Paving the Way to Overcome Antifungal Drug Resistance: Current 
Practices and Novel Developments for Rapid and Reliable Antifungal Susceptibility Testing”. 
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treating IFI, rising resistance to these 
drugs is a cause of major concern.[1,3] For 
example, the globally emerging multi-
drug-resistant species Candida auris is 
now recognized by the Centers for Dis-
ease Control and Prevention (CDC) as an 
urgent threat.[4] Thus, its proper treatment 
is therefore crucial for both individual 
therapeutic outcomes and preventing its 
spread.[5] The increasing and undirected 
use of antifungals in medicine and agri-
culture is associated with the rising num-
bers of acquired resistance in fungi.[3] The 
readers are referred to the following excel-
lent reviews on fungal pathogens[6,7] and 
antifungal resistance[3] for further reading. 
The latter, in combination with the chal-
lenges associated with developing novel 
antifungals, emphasizes the need for rapid 
disease detection and adequate antifungal 
therapy protocols.[3,8] Implementing such 
measures is part of a proper antimicrobial 
stewardship aimed at reducing the exces-
sive usage of antimicrobial therapies in 

clinical settings by encouraging physicians to prescribe appro-
priate antimicrobials only when truly required.[9]

Antimicrobial susceptibility testing (AST), specifically anti-
fungal susceptibility testing (AFST), is employed to reveal the 
susceptibility or resistance of fungal pathogens to clinically 
relevant antifungals.[10,11] In these tests, pathogenic fungi are 
exposed to various concentrations of a panel of antifungals 
to determine the minimum inhibitory concentration (MIC) 
values, which are typically defined as the lowest drug concen-
tration inhibiting the pathogen’s growth.[12] MIC values allow 
physicians to predict the success of antifungal treatments.[13] 
As such, rapid AFST is an essential tool to improve antifungal 
therapy by choosing the correct and most effective antifungal 
drug in a timely manner. Early therapy initiation is also cru-
cial for enhancing the therapeutic outcome of patients with 
invasive fungal infections, such as life-threatening blood-
stream infections.[14] Clinical AFST is conducted according 
to standardized methods and protocols, published by the 
European Committee on Antimicrobial Susceptibility Testing 
(EUCAST) or the Clinical and Laboratory Standards Institute 
(CLSI).[12,15] Yet, as these gold-standard methods are laborious 
and typically require at least 24 h (and in many cases, several 
days) for completion,[12,16] significant research efforts are now 
being directed toward the development of more expedited 
phenotypic and molecular AFST techniques.[17,18]

The past year has established the link between the COVID-19 pandemic and 
the global spread of severe fungal infections; thus, underscoring the critical 
need for rapid and realizable fungal disease diagnostics. While in recent years, 
health authorities, such as the Centers for Disease Control and Prevention, have 
reported the alarming emergence and spread of drug-resistant pathogenic fungi 
and warned against the devastating consequences, progress in the diagnosis 
and treatment of fungal infections is limited. Early diagnosis and patient-tailored 
therapy are established to be key in reducing morbidity and mortality associated 
with fungal (and cofungal) infections. As such, antifungal susceptibility testing 
(AFST) is crucial in revealing susceptibility or resistance of these pathogens 
and initiating correct antifungal therapy. Today, gold standard AFST methods 
require several days for completion, and thus this much delayed time for answer 
limits their clinical application. This review focuses on the advancements made 
in developing novel AFST techniques and discusses their implications in the 
context of the practiced clinical workflow. The aim of this work is to highlight the 
advantages and drawbacks of currently available methods and identify the main 
gaps hindering their progress toward clinical application.

﻿

1. Introduction

Invasive fungal infections (IFI) are a rising cause of morbidity 
and mortality among humans with underlying medical condi-
tions, causing more than 1.4 million deaths annually world-
wide.[1,2] As only four antifungal classes (azoles, echinocandins, 
polyenes, and pyrimidine analogs) are currently available for 

© 2021 The Authors. Small Methods published by Wiley-VCH GmbH. 
This is an open access article under the terms of the Creative Commons 
Attribution-NonCommercial License, which permits use, distribution 
and reproduction in any medium, provided the original work is properly 
cited and is not used for commercial purposes.

Small Methods 2021, 5, 2100713

5



www.advancedsciencenews.com www.small-methods.com

2100713  (2 of 20) © 2021 The Authors. Small Methods published by Wiley-VCH GmbH

2. Fungal Disease Diagnosis Precedes AFST

The diagnosis of IFIs predates AFST, and Figure  1A presents 
a generalized workflow. First, the fungal pathogen is isolated 
from a patient sample (i.e., blood, tissue biopsy specimens, 
etc.), and subsequently, various techniques are applied for dis-
ease diagnosis and species identification to confirm the type 
of infection (e.g., fungal, bacterial, or viral).[14] For instance, 
blood culture detects fungal bloodstream infections,[19] while 
histopathology reveals fungi in tissue samples.[20] Furthermore, 
β-glucan and galactomannan assays detect fungal cell wall anti-
gens in body fluids such as serum.[14] Species identification can 
be performed on chromogenic agar,[21] and recently, molecular 
approaches like polymerase chain reaction (PCR) detecting 
species-specific DNA sequences have become of increasing 
importance.[22] For a comprehensive overview of IFI diagnosis 
techniques, the readers are referred to the recent review arti-
cles of Sanguinetti et al.[22] and Ruhnke et al.[19] Unfortunately, 

due to the emergence of antifungal resistance in fungi, proper 
therapy cannot rely on IFI diagnosis alone, and subsequent 
AFST is inevitable.[3,23]

Conventional AFST methods, as practiced in clinical labo-
ratories, include the gold standard broth microdilution (BMD) 
and the commercial agar-based Etest (bioMérieux, France). 
While these techniques are simple and well established, 
they are slow and require multiple preparation steps. The 
latter stems from the prerequisite for high cell densities; for 
example, for yeasts, 0.5–2.5 × 105 CFU mL−1 and 1–5 × 106 
CFU mL−1 are required for BMD and Etest assays, respec-
tively.[12,24] Thus, culturing remains an essential prerequisite 
before standard AFST.

Figure  1B schematically illustrates a typical workflow of a 
sample derived from a patient suspected of suffering from 
candidemia (a bloodstream infection with Candida), one of 
the most common types of life-threatening invasive fungal 
diseases.[2] First, blood samples are taken from the patient 

Figure 1.  A) General workflow for IFI diagnosis. First, clinical specimens, such as blood or tissue, are sampled from a patient suspected to suffer from 
an IFI. Methods such as blood culture and histopathology, among others, are used for fungal diagnosis. Subsequently, procedures such as selective 
chromogenic agar or PCR are employed to discriminate fungal species. B) Workflow for suspected candidemia includes fungal pathogen isolation, 
identification, and AFST. First, blood cultures reveal the presence of bloodstream pathogens in a patient within 1–3 days. Subsequently, the employ-
ment of agar-based methods such as chromogenic agar or cornmeal agar enables fungal species identification within 1–3 days. Eventually, AFST and 
MIC determination requires at least another day but allows a patient-tailored antifungal prescription to improve antifungal treatment and reduce the 
spread of antifungal resistance. Images are adapted with permission under the terms of the Creative Commons CC BY license from Servier Medical Art 
(smart.servier.com). Chromogenic agar plate and BMD plate are adapted with permission.[34,35] Copyright 2006, Oxford University Press (chromogenic 
agar plate) and 2003, American Society for Microbiology (BMD plate) respectively.

Small Methods 2021, 5, 2100713

6



www.advancedsciencenews.com www.small-methods.com

2100713  (3 of 20) © 2021 The Authors. Small Methods published by Wiley-VCH GmbH

and then added to designated bottles containing blood culture 
medium to improve fungal pathogen recovery.[25,26] These bot-
tles are thereafter placed in blood culture systems, such as the 
automated BD BACTEC (Becton Dickinson, USA) or the BacT/
ALERT (bioMérieux, France).[25] In the case of candidemia, 
these systems typically achieve detectable fungal growth within 
1–3 days[14] (termed a “positive blood culture result”). Subse-
quently, the second step of species identification, using conven-
tional agar-based techniques, requires another 1–3 days.[14,27] For 
instance, chromogenic agar enables differentiation of Candida 
species, relying on species-specific enzyme-based cleavage of 
chromogenic compounds, by naked eye observation of differ-
ently colored colonies.[21] Another approach employs cornmeal 
agar, a chlamydospore-inducing medium. It allows for morpho-
logical identification of Candida albicans (C. albicans), the most 
frequently found pathogenic yeast in humans,[6] by microscopi-
cally investigating its chlamydospore-formation.[28]

The subsequent and final diagnostic step of AFST takes at 
least another day when traditional broth and agar-based tech-
niques are employed.[12,24] In these methods, the determination 
of MIC values for a specific pathogen drug is achieved by visual 
detection of fungal growth on agar plates or in a liquid medium 
in the presence of various antifungal concentrations.[12,29,30] 
Thus, the whole process (Figure 1B) of pathogen isolation, iden-
tification, and AFST, which precedes appropriate antifungal 
prescription, ideally takes between 3 and 7 days, assuming it 
is not even further delayed (e.g., by slow-growing strains or 
logistic influences such as transportation or laboratory opening 
hours).[31,32]

Accelerating AFST will, of course, shorten the time for a 
patient-tailored antifungal therapy, and more importantly, the 
introduction of new AFST methods may profoundly impact 
the lengthy preceding preparation steps. For example, geno-
typic techniques detecting antimicrobial resistance genes can 
be directly performed from sputum, swabs, and blood culture 
specimens alongside pathogen identification.[33] Analyzing 
single microbial cells by time-lapse microscopy reduces the 
required number of cells,[11] potentially avoiding the time-
consuming prerequisite of obtaining high cell densities as 
required in conventional approaches. Thus, we believe that 
AFST techniques that are readily integrable with pathogen iso-
lation, detection/identification could be a game-changer and 
potentially practiced in point-of-care settings.

3. The Ideal AFST Method

If we could design the perfect AFST method, this approach 
would be sensitive, accurate, and reliable in terms of the MIC 
value determination while also being easy to use and cost-
effective. Furthermore, this method would allow paralleliza-
tion and multiplexing to analyze multiple antimicrobials or 
pathogens simultaneously with a broad microorganism spec-
trum, minimal sample pre-processing steps, and integrability. 
Other factors, such as the preferential phenotypic or genotypic 
resistance determination and the test setting (e.g., centralized 
laboratories vs. point of care), should also be considered. Most 
importantly, this approach should yield MIC values and allow 
“resistant” and “susceptible” determinations as quickly as pos-

sible to improve therapy outcomes and reduce the spread of 
antifungal resistance.

3.1. Phenotypic versus Genotypic AFST

In general, susceptibility testing methods can be divided into 
phenotypic and genotypic approaches. Phenotypic methods 
monitor the growth and other physiological changes (e.g., size 
and shape) of cells in the presence of different antimicrobials 
at varying concentrations.[11] As such, they reveal specific phe-
notypic susceptibility profiles and provide a comprehensive 
assessment of what antimicrobials agents can be used to treat 
infections caused by pathogenic microorganisms.[36] However, 
these phenotypic methods are time-consuming as, in most 
cases, they are culture-based. By contrast, genotypic techniques, 
representing a nonculture methodology, rely on detecting 
established resistance-conferring genes and mutations on the 
DNA level.[11] While offering rapidity, genotypic approaches 
only reveal the presence of resistance factors;[37] they do not 
allow susceptibility determination, and as such, they are cor-
rectly referred to as genotypic antimicrobial resistance (AMR) 
detection methods.[38] Nevertheless, genotypic AMR detection 
is fast and preferred if seeking specific resistance-conferring 
genes.[11,33]

In this review, we mainly focus on phenotypic methods that 
enable MIC determination and a more definitive prediction 
of how fungal pathogens will behave in the presence of clini-
cally relevant antifungal drug concentrations. Although recent 
research efforts have increasingly focused on novel methods for 
phenotypic AFST, in an attempt to improve the current situa-
tion, traditional methods that have not changed since the first 
days of AST remain the gold standard in the context of clinical 
laboratory practice.

4. Standard Methods and Their Commercial 
Adaptations
AFST was first described in the 1970s and included broth and 
agar-based methods, such as BMD, disk diffusion, and agar 
screening.[39,40] Today, nearly half a century later, these tech-
niques, validated by the EUCAST and the CLSI, are still widely 
used in clinical laboratories, and several commercial adapta-
tions are available. Table 1 summarizes these AFST techniques 
and briefly describes both their concept and typical assay time. 
That table also provides a short comparison of the main advan-
tages and disadvantages of these methods, as discussed in the 
following few paragraphs.

4.1. Standard Methods—Frequently Used But Not 
Changed for Decades

BMD is the current gold standard for AFST of yeasts and 
molds. Twofold serial dilutions of antifungals are made in a 
liquid medium (broth) and inoculated with a predefined and 
standardized cell number, as shown in Figure  2A. Growth is 
determined visually or spectrophotometrically in a 96-well plate, 
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and the MIC is defined as the lowest growth-inhibiting drug 
concentration.[12,15,16,41] Both EUCAST and CLSI standardized 
this reference method for routine AFST of yeasts and molds. 
While BMD is a relatively cheap method, it is laborious and 
lengthy. For example, for Candida and Aspergillus species, the 
MIC is determined only after 24 or 48 h, according to EUCAST 
protocols.[12,16] Furthermore, these methods require high cell 
numbers for both yeasts and molds, typically ≥105 CFU mL−1 
according to EUCAST.[12,16]

Disk diffusion is a widely used agar-based AFST method 
standardized by CLSI for yeast and filamentous fungi.[30,42] 
Paper disks with a specific antifungal concentration are placed 
on an agar plate with a standardized inoculum. Antimicrobial 
activity is determined by measuring the inhibition zone diam-
eter of the growth-free area around the disk (see Figure  2B), 
which correlates to the antifungal’s diffusion rate through the 
agar and the fungus susceptibility to that drug.[18] While disk 
diffusion is simple and cheap, its main disadvantage is its 
inability to produce MIC values, impairing the interpretation 
of results for emerging fungal pathogens and novel antifungal 
agents.[18] Furthermore, this agar-based approach takes a long 
time of 24 h for Candida and Aspergillus species and requires a 
large inoculum size of ≥106 CFU mL−1.[30,42]

Azole agar screening, relevant only for Aspergillus species, 
was recently established by EUCAST and is based on the 

commercially available VIP check assay (Mediaproducts BV, 
Netherlands).[43–45] A 4-well agar plate contains 4 µg mL−1 itra-
conazole, 2 µg mL−1 voriconazole, 0.5 µg mL−1 posaconazole, 
and a drug-free well. Aspergillus growth is determined visually 
after 48 h (see Figure 2C) and used to screen for azole-resistant 
isolates.[43,45] While this method is easy to perform and cheap, it 
is time-consuming, requires a high number of cells (0.5 McFar-
land, ≥106 CFU mL-1)[16,43], and importantly does not allow for 
MIC values determination.

4.2. Commercial AFST Approaches—Adaptations of 
Standard Methods

The BMD method has several commercially available adapta-
tions that simplify the assay procedure and MIC readout. For 
example, the Sensititre YeastOne (ThermoFisher) assay is per-
formed in 96-well plates containing a growth medium with 
serial dilutions of the antifungal agent and the Alamar Blue 
redox indicator.[18] When entering the cells, the latter undergoes 
a color change from blue to red when reduced by enzymes of 
metabolically active fungi (reducing resazurin to resorufin; see 
Figure 2D).[50,57] Accordingly, the MIC is defined as the lowest 
antifungal concentration where no color change to red occurs, 
and the medium remains blue.[50] The endpoints are read after 

Table 1.  Summary of standard AFST methods and their commercial adaptations.

Name Measuring principle Assay time Advantages Disadvantages Ref.

Standard methods

Broth microdilution 
(BMD)

Visual or 
spectrophotometric 

measurement of turbidity 
in a liquid medium

24 h for Candida species, 
46–50 h for Aspergillus 

species and up to 72 h for 
Cryptococci

Standardized by EUCAST 
and CLSI

Available for yeasts and 
molds

Cheap when prepared in 
the laboratory

Laborious and lengthy
Subjective when read 

visually

[12,15,16,18,41]

Disk diffusion Zone of inhibition 
around antifungal disks 

on agar plates

24 h for Candida and 
Aspergillus species

Standardized by CLSI
Available for yeasts and 

molds
Easy to perform and 

cheap

Lengthy
No MIC values

[18,30,42]

Agar screening Visual detection of 
growth in a liquid 

medium

48 h Standardized by EUCAST
Cheap, easy to perform, 

and read

Lengthy
No MIC values

Only screening of 
Aspergillus species

[43–45]

Commercial adaptations

Vitek2 (bioMérieux, 
France)

Turbidity in a liquid 
medium

Usually
12–18 h

Automated
Objective results
Accelerates AFST 

compared to BMD

High investment costs
Only available for yeast

[18,46,47]

Sensititre YeastOne 
(Thermo Fisher 
Scientific, USA)

Colorimetric detection in 
a liquid medium

24 h Easy to perform
Less subjective than 

BMD

Lengthy
Not validated for molds

[18,48–50]

Etest (bioMérieux, 
France)

Zone of inhibition 
around a strip with an 

antifungal gradient

24–48 h for yeast (up 
to 72 h for Cryptococcus 
species) and 16–72 h for 

molds

Easy to use
Available for yeast and 

molds
An agar-based method 

that provides MICs

Lengthy
Sometimes subjective

[18,24,51–53]
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24 h and are found to be in good agreement with the reference 
MICs.[50] Although the Sensititre YeastOne assay is only vali-
dated for yeast species, some studies demonstrated its potential 
for AFST of molds.[49]

An automated commercially available BMD adaptation for sus-
ceptibility testing of yeast is the Vitek2 (bioMérieux). This system 
uses AFST cards with 64 wells containing dried medium with anti-
fungal agents at varying concentrations. The machine introduces 
the cells into the wells, and their growth is monitored by turbidity 
measurements. MIC values are typically determined after 12–18 h 
for Candida species and comply well with MIC values determined 
by BMD.[46,47] The Vitek2 system is mostly used in centralized 
clinical laboratories where high throughput measurements are 
crucial. It should be noted that this system is not established for 
molds and suitable Vitek2 AFST cards are not available.

Another commercially available AFST assay is the agar-
based Etest assay (bioMérieux, France), which is an adapta-
tion of the disk diffusion test, where plastic strips containing 
an antifungal gradient and concentration scale are placed on 
an agar plate with a standardized inoculum size and incu-
bated.[51,53] The MIC value is determined based on the inter-
section of the formed ellipse-shaped zone of inhibition and 
the drug concentration on the strip, as shown by the arrow 
in Figure  2E.[51,53,56] The Etest is inexpensive, easy to per-
form, and the MIC values comply well with the BMD gold 
standard[52]; yet, the time to readout is lengthy (24–48 h for 
yeasts and 16–72 h for molds).[24]

While these methods have simplified the AFST assay and, 
in some cases, allowed its automation, the required size of the 
initial inoculum size remains high and comparable to that of 

standard methods. For AFST of yeast, the Etest and the Sen-
sititre YeastOne use an inoculum size of ≥106 CFU mL−1,  
whereas the Vitek2 employs a 2.0 McFarland equivalent  
(≈107 CFU mL−1).[24,48,58,59]

5. New Tools for Phenotypic AFST

The time to readout remains the main bottleneck of current 
state-of-the-art phenotypic AFST methods. Therefore, a signifi-
cant research effort is directed toward expediting phenotypic 
AFST, and new techniques, relying on mass spectrometry, flow 
cytometry, calorimetry, fluorescence microscopy, and optical 
on-chip assays, are emerging.[60–64] Table  2 summarizes these 
new AFST approaches and briefly describes their concept and 
typical assay time. The table also provides a short comparison 
of these methods’ main advantages and disadvantages, as dis-
cussed in the next paragraphs.

5.1. Molecular Analysis by Mass Spectrometry

Mass spectrometry (MS) is already used in many clinical labo-
ratories for the identification of bacteria and fungi, and, as 
such, it accelerates treatment decisions by classifying pathogens 
into high or low resistance prevalence categories, as shown in 
Figure 3A. In recent years, MS-based methods are emerging for 
AST of microorganisms.[66,67,73] For example, MS was used to 
detect the presence of resistance-conferring enzymes, such as 
β-lactamases, revealing their activity by monitoring antibiotic 

Figure 2.  Standard methods and commercial adaptations for routine AFST. A) Visual detection of fungal growth in a liquid medium with twofold anti-
fungal dilutions in the BMD method. Adapted with permission.[35] Copyright 2003, American Society for Microbiology. B) Characteristic disk diffusion 
assay with zones of inhibition (as indicated by the arrow) around paper disks on an agar plate. Adapted with permission.[54] Copyright 2007, American 
Society for Microbiology. C) Growth of Aspergillus sp. in a 4-well agar plate during the azole agar screening method. Reproduced with permission.[43] 
Copyright 2018, European Society of Clinical Microbiology and Infectious Diseases. D) The Sensititre YeatOne assay uses a colorimetric redox indicator to 
indicate fungal growth. Adapted with permission under the terms of the Creative Commons CC BY license.[55] Copyright 2011, the Authors. Published by 
PLoS ONE. E) Etest strip inhibiting the growth of Candida sp. on an agar plate. The MIC is read where the ellipse-shaped zone of inhibition and the strip 
intersect, as indicated by the arrow, and determined to be 0.5 µg mL−1. Adapted with permission.[56] Copyright 1998, American Society for Microbiology.
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degradation, as depicted in Figure 3B.[66] In this case, cells sus-
pected of encoding for antimicrobial degrading enzymes are 
incubated with antimicrobials, and subsequent MS reveals their 
degradation and allowed researchers to determine if resistance-
conferring enzymes were present or not.[66] Although this con-
cept requires only a few hours of incubation time (up to 3 h), 
it only provides information about specific resistance mecha-
nisms.[11,65] A more holistic approach involves analyzing the 
entire MS profiles or the proteomic profiles of microorganisms 
after their exposure to varying concentrations of antimicrobial 
agents, as shown in Figure 3C, and is mainly applied for AFST 
of fungi. For example, in a study from 2009, C. albicans cells 
were exposed to different fluconazole concentrations, and the 
shifts in the proteome were examined after 15 h of incubation 
by MS.[62] Minimal profile changing concentrations (MPCC) 
were defined as the lowest antifungal concentration, leading to a 
shift in the mass spectrum compared to a no-drug control.[62] de 
Carolis et al. have extended this methodology to other Candida 
and Aspergillus species and demonstrated a complete agreement 
of MPCCs with CLSI MICs after 15 h of incubation.[74] Differen-
tiation of resistant and susceptible isolates without determining 
MPCC values was even achieved within 3 h of incubation.[75] 
The main drawbacks of MS for AFST include the high costs of 
the instrument and, so far, insufficient validation.[11,65] Also, it 
should be noted that fungal cell incubation in the presence of 
various antifungal agents before MS-based AFST requires high 
cell densities (typically 106 cells mL−1 and above).[62,74,75]

5.2. Flow Cytometry

In flow cytometry assays, the fungal cells are cultured in 
the presence of different antifungal concentrations fol-
lowing staining with fluorescence dyes such as propidium 
iodide, ethidium bromide, or acridine orange.[63,69,70,76] These 

nucleic-acid selective dyes penetrate damaged membranes 
(propidium iodide, ethidium bromide)[63] or indicate altera-
tions in the DNA’s secondary structure during cell death by 
switching fluorescence from green to red (acridine orange).[77] 
Therefore, changes in the fluorescence are used to distinguish 
between dead and viable cells by flow cytometry, as depicted 
in Figure  4A-i. Characteristic flow cytometry results, where 
acridine orange is used to stain Candida glabrata (C. glabrata) 
after exposure of 4 h to various concentrations of the antifungal 
caspofungin, are presented in Figure  4A-ii. In this work, the 
MIC is referred to as the minimum fluorescence-enhancing 
concentration (MFEC), defined as the minimum drug con-
centration yielding an increased fluorescence signal in a pre-
defined number of cells.[69] The determined MFEC values were 
found to agree well with BMD and Etest reference methods for 
most fungi–drug combinations.[69]

Flow cytometry allows for rapid AFST of various Candida and 
Aspergillus species; the exposure time of fungal cells to the anti-
fungal agents varies between species and protocols but typically 
lies in the range of 1–9 h.[63,68–70,78] Yet, it should be noted that also 
flow cytometry requires high cell numbers (commonly around 
106 CFU mL−1).[63] Furthermore, the labor-intensive workflow, the 
necessary technical expertise, and its limitations for resource-lim-
ited settings are perceived as disadvantages of this technique.[18]

5.3. Calorimetry

In calorimetric AFST techniques, such as isothermal micro-
calorimetry (IMC), vials contain growth medium at varying 
antifungal concentrations and cells at defined inoculum size 
(typically around 104–105 CFU mL−1).[64,71,72] Changes in the dif-
ferential heat flow between the sample vial and a reference vial, 
ascribed to the fungus metabolism, are measured over time at 
a constant temperature; see Figure  4B-i for a schematic layout 

Table 2.  Overview of new AFST methods.

Name Measuring principle Assay time Advantages Disadvantages Ref.

Mass spectrometry Shifts within mass spectral 
profiles

15 h incubation 
for minimal 

profile changing 
concentrations (MPPC)

3 h for differentiation 
between susceptible 
and resistant isolates

Rapid differentiation of 
susceptible and resistant 

isolates
Different approaches 
possible (e.g., whole-
cell profiles, antibiotic 
degradation analysis)

High investment costs 
for instrumentation
Arduous workflow

[11,38,65–67]

Flow cytometry Fluorescence signal to 
differentiate dead and 

viable cells

1–9 h exposure of fungal 
cells to antifungals

Rapid AFST
Demonstrated for yeast 

and molds

Labor-intensive workflow 
and required technical 

expertise

[18,63,68–70]

Calorimetry Heat flow related to fungal 
metabolism

24 h for Candida species 
and 48 for Aspergillus 

species

Available for yeast and 
molds

Does not accelerate AFST 
compared to reference 

methods

[64,71,72]

Fluorescence 
microscopy

Fluorescence microscopy 
analyzes microcolony area 
on porous aluminum oxide

3.5–7 h for various 
Candida species and 14 
h for Aspergillus species

Rapid AFST Arduous workflow 
including culturing, 

staining, and microscopy

[61]

On-chip optical 
assays

Intensity changes of light 
reflected from a silicon 

diffraction grating

10–12 h for Aspergillus 
niger

Rapid compared to 
reference BMD

Label-free and real-time 
monitoring

Only demonstrated for 
Aspergillus niger

[60]
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of a typical microcalorimeter. The produced heat is correlated 
to microbial growth and enables MIC or minimum heat inhibi-
tory concentration (MHIC) value determination as depicted in 
Figure 4B-ii.[64,71] Here, the MHIC was defined as the lowest drug 
concentration that reduces by 50% the total heat produced (after 
a designated time) compared to a drug-free fungus control.[71] 
IMC has been successfully applied for molds, planktonic yeast, 
and yeast biofilms; yet, it does not expedite AFST compared to 
reference methods. For example, MHIC values were determined 
after 24 h for Candida species and after 48 h for Aspergilli and 
biofilms.[64,71] However, IMC is recognized as a potential method 
for high-throughput AFST and testing novel antifungal drugs.[18]

5.4. Fluorescence Microscopy to Analyzes Microcolonies on 
Porous Aluminum Oxide

Fluorescence microscopy has been applied for AFST of yeast 
and mold species by monitoring microcolonies on porous alu-
minum oxide (PAO).[61,80] This ceramic material retains cells 
on its surface, whereas nutrients and antimicrobials contained 
in agar can diffuse through the porous structure (pore sizes 

20–200 nm; 60 µm thick) when a PAO strip is placed on an 
agar plate, see Figure 5A. Therefore, environmental conditions 
can be rapidly altered by transferring PAO strips between 
agar plates of different compositions. Importantly, the PAO 
substrate enables effective imaging of microcolonies by using 
microscopy techniques such as fluorescence and scanning elec-
tron microscopy (SEM).[81]

The employment of PAO substrates for AFST was first dem-
onstrated for Candida species: In this assay, sterile PAO strips 
are placed on agar plates with a specific antifungal concentra-
tion (see Figure 5A representing a PAO strip on a sheep’s blood 
agar plate), and subsequently, Candida cells are seeded onto 
the PAO strip (at a density of 2 × 103 to 2 × 104 CFU mm−2), as 
presented in Figure 5B and incubated. The microcolony area at 
varying antifungal concentrations is monitored by fluorescence 
microscopy following staining with Fun-1/Calcofluor White, as 
depicted in Figure 5C. These dyes stain nucleic acids (Fun-1) and 
the fungal cell wall (Calcofluor White), respectively.[82] Analyzing 
changes in the microcolony area allows for MIC determination 
after 3.5–7 h for Candida species, and the results agree well with 
standard BMD testing and Etest.[61] In another work, Ingham et 
al. extended this approach to AFST of Aspergillus species enabling 

Figure 3.  Mass spectrometry-based concepts to advance AST of bacteria and fungi. A) Species identification by MS gives a hint about drug resistance in 
the microbial pathogen. B) MS-based analysis of enzymatic antimicrobial degradation reveals the presence of resistance-conferring enzymes. C) Incuba-
tion of microbial pathogens in the presence of varying antimicrobial concentrations and analysis of entire mass spectral profiles or proteomic profiles. 
Reproduced with permission under the terms of the Creative Commons CC BY license.[66] Copyright 2019, the Authors. Published by Frontiers Media S.A.
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MIC determination for echinocandin antifungal agents within  
14 h.[80] Although these PAO assays are a rapid AFST approach, 
and MICs mostly agree with standard AFST methods,[61,80] 
the workflow is complex as it requires fluorescence labeling, 
microscopy, and image analysis. Moreover, this method does not 
directly track changes in the cells’ physiology but only relies on 
obtaining a fluorescence signal of stained cells.

5.5. On-Chip AST on Photonic Silicon Arrays

A recent approach for rapid AST employs optical sensors based 
on photonic silicon arrays for label-free monitoring of bacte-

rial and fungal behavior during exposure to antimicrobials in 
real time.[60,83–85] These sensors are based on diffraction grat-
ings, consisting of periodic micropatterned silicon architec-
tures of micrometer-dimensions, which are used as the optical 
transducer element and preferential surface for microbial col-
onization as presented in Figure 6A. These sensors were first 
demonstrated to optically track the growth of Escherichia coli  
(E. coli) and determine MIC values within 2–3 h (compared to 8 
h with state-of-the-art automated methods) by monitoring bac-
terial growth patterns in the presence of varying concentrations 
of clinically relevant antibiotics.[83]

These on-chip optical assays were further extended for AFST 
of Aspergillus niger (A. niger) by tuning the chip architecture 

Figure 4.  Flow cytometry and calorimetry for phenotypic AFST. A-i) Fungal cells are introduced into a flow cytometer which acquires light scattering and 
fluorescence emission of individual fungal cells using a system of laser beams, filters, and detectors after exposure to varying antifungal concentrations 
and staining with a fluorescence dye. A-ii) Flow cytometry histograms depict the number of C. glabrata cells versus fluorescence intensity caused by 
acridine orange upon entering the cells after exposure to different caspofungin concentrations. The MFEC is determined to be 0.06 mg L−1, as indicated 
by the red frame. At this concentration, the number of cells exhibiting elevated fluorescence correlated to cell damage is 63.2%; this value is above the 
specific cutoff value of 50%. Adapted with permission.[63,69] Copyright 2006, Blackwell Verlag GmbH (A-i) and Copyright 2011, Springer Nature (A-ii), 
respectively. B-i) A schematic of an IMC device consisting of a sample vial and a reference vial within a temperature-controlled block. Thermocouples 
interconnecting both ampoules measure the differential heat flow between sample and reference. B-ii) Characteristic IMC heat flow curves of Aspergillus 
fumigatus (A. fumigatus) at varying posaconazole concentrations. The MHIC is determined to be 0.06 mg L−1 (indicated by the arrow) as at this con-
centration, a 50% inhibition of heat flow compared to a growth control without antifungal is visible after 48 h. Adapted with permission.[71,79] Copyright 
2009, American Society of Civil Engineers (B-i) and Copyright 2012, European Society of Clinical Infectious Diseases (B-ii), respectively.
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to arrays of microwells with a width of ≈3 µm and a depth 
of ≈4 µm, allowing entrapment of individual A. niger conidia 
within the wells (see inset of Figure  6A-iv). The experimental 
setup is simple and includes a flow cell with temperature-
controlled microfluidic channels in which the photonic chips 
are fixed individually and illuminated by a conventional white 
light source, as depicted in Figure  6B. The chip reflectance 
spectrum shows characteristic interference fringes as light is 
partially reflected from the silicon microstructure’s top and 
bottom interfaces, as illustrated in Figure  6C. Applying fre-
quency analysis to the collected spectrum results in a single 
peak (Figure  6E), where the peak amplitude corresponds to 
the intensity of the reflected light, and the peak position corre-
sponds to the value 2nL (n is the refractive index of the medium 
which fills the microstructure and L represent the depth of the 
microstructure/wells). The AFST assay is performed in two 
steps: first, fungal conidia are introduced onto the photonic 

chip and given 15 min to settle within the microstructure. Sub-
sequently, clinically relevant antifungals (e.g., amphotericin B 
and voriconazole) at varying concentrations are introduced into 
the channels (see Figure 6D), and fungal growth is monitored by 
analyzing changes in intensity as a function of time.[60] At drug 
levels at the MIC and above, growth is inhibited, as illustrated 
in Figure  6D-i, and no intensity reduction occurs, as depicted 
in Figure 6E-i. In contrast, at subinhibitory concentrations, the 
fungal hyphae formation on top of the photonic silicon chip, 
as shown in Figure  6D-ii, causes an intensity decrease in the 
reflected light, as illustrated in Figure 6E-ii. Accordingly, the MIC 
is defined as the lowest antifungal concentration at which the 
intensity does not change over time; see Figure 6F for character-
istic intensity curves over time for fungal growth at varying vori-
conazole concentrations and corresponding optical micrographs. 
While this AFST approach is rapid (MIC determination within 
12 h) compared to reference methods, it was only demonstrated 

Figure 5.  Fluorescence microscopy-based PAO assays for AFST. A) PAO strips of 36 × 8 mm are placed on an agar plate allowing nutrients and antimi-
crobials to pass through the highly porous structure while B) Candida cells seeded on the porous material are retained on its surface. C) Microcolonies 
of Candida tropicalis on PAO are analyzed by fluorescence microscopy after exposure to increasing concentrations of voriconazole and fluorescence 
staining. The white scale bar indicates 20 µm. Adapted with permission.[81] Copyright 2007, National Academy of Sciences, USA. (A) and adapted with 
permission under the terms of the Creative Commons CC BY license.[61] Copyright 2012, the Authors. Published by PLoS ONE (B,C).
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for A. niger as a model species. Furthermore, the inoculum sus-
pension adhered to the high cell number (105 conidia mL−1) used 
in EUCAST reference protocols.[60]

6. Molecular Resistance Detection—Nonculture 
Methods
As previously discussed in this review, the main advantage of 
nonculture methods is their rapidity in comparison to most 
phenotypic techniques, which rely on monitoring growth. The 
major nonculture approaches are molecular analysis by MS, 

various genotypic techniques, and transcriptome analysis. In the 
following sections, we describe the concepts of these methods, 
focusing only on genotypic and transcriptome analysis. For MS, 
we refer the reader to Section 5.1. and note that while these MS-
enabled AFST assays are nonculture by definition, extended 
time (up to 15 h) for microbial growth is required.[62,74]

6.1. Genotypic Antimicrobial Resistance Detection

Current phenotypic AFST methods and their preceding work-
flow (conventional and new) are still quite lengthy (2–6 days 

Figure 6.  On-chip AFST on photonic silicon arrays. A-i) High-resolution SEM images of a silicon array consisting of microwells. These chips provide 
a unique surface for microbial colonization, for example of A-ii) E. coli, A-iii) Staphylococcus aureus, and A-iv) A. niger. The scale bars represent 2 µm 
A-i to Aiii-), 10 µm A-iv), and 3 µm (inset), respectively. B) The photonic silicon arrays entrap A. niger conidia while being illuminated by a white light 
source. B-i) A cross-sectional HR-SEM obtained by focused ion beam procedure depicts the periodic microwell structure with a width of ≈3 µm and a 
depth of ≈4 µm, creating C) interference fringes in the reflectance spectrum. D) Clinically relevant antifungals are introduced at varying concentrations 
after allowing the conidia to settle within the microwells resulting in D-i) growth inhibition and E-i) stable intensity values at concentrations above the 
MIC or D-ii) hyphal growth on top of the silicon array and E-ii) a resulting intensity decrease at subinhibitory antifungal concentrations. F-i) Character-
istic intensity curves over time for A. niger growth at varying voriconazole concentrations and F-ii) corresponding optical micrographs. The scale bar 
represents 50 µm. Adapted with permission.[60] Copyright 2020, American Chemical Society.
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for diagnosis and identification[14,27] and mostly >10 h for 
AFST[12,15,46,62,64]); genotypic approaches can expedite resist-
ance analysis to only a couple of hours.[17,33] These methods 
can identify pathogens and reveal their antimicrobial resistance 
by detecting the pathogens’ DNA, including resistance-confer-
ring genes or mutations by PCR, or employing whole genome 
sequencing for a comprehensive overview of resistance genes 
and mutations in a pathogen’s genome.[11,38,86]

6.2. PCR-Based Assays for the Detection of 
Resistance-Conferring Mutations

For antifungal resistance in Candida species, most studies 
focused on detecting single nucleotide polymorphisms (SNP) 
in the glucan synthase encoding FKS genes.[17] Mutations in 
these genes alter the enzymes’ amino acid structure and make 
it less affected by echinocandin-class antifungals.[1,3,17] Azole 
resistance is more challenging to detect in Candida species 
owing to the complexity of underlying resistance mechanisms. 
Yet, for Aspergilli, several mutations in the CYP51A gene associ-
ated with azole resistance have been identified.[18] Thus, clas-
sical genotypic approaches are limited to only predetermined 
genes, which reveal resistivity and cannot unveil susceptibility 
and determine MIC values.[11,33]

Most genotypic methods rely on PCR-based assays and allow 
resistance analysis within only a couple of hours.[87–89] For 
example, Dudiuk et  al. have adapted classical PCR assays to 
detect mutations in the FKS1 and FKS2 genes, responsible for 
echinocandins resistance, in C. glabrata. Zhao et al. have com-
bined asymmetrical PCR with molecular beacon probe-based 
melting curve analysis to detect mutated FKS1 and FKS2 genes 
in clinically collected C. glabrata samples within only 3 h. Fur-
thermore, commercially available real-time PCR assays, such 
as the AsperGenius (PathoNostics, Netherlands) and MycoG-
ENIE (Ademtech, France), were recently developed to detect 
Aspergillus DNA as well as few mutations that confer resistance 
to azole antifungals within 2.5 h.[90–92] A significant advantage 
of these genotypic approaches is their high sensitivity which 
enables species identification and resistance detection directly 
from body fluids such as sputum, bronchoalveolar lavage (BAL) 
fluids, or positive blood cultures,[33,93] thereby avoiding the pre-
requisite of obtaining high cell densities (103–106 cells mL−1) in 
most phenotypic AFST methods.[12,15,46,63,64] For example, the 
AsperGenius assay is validated for testing directly from BAL 
fluids and has a limit of detection for Aspergillus fumigatus spe-
cies identification and resistance detection of 10 and 75 genomes 
per sample, respectively.[93] Additionally, commercially available 
PCR-based assays for Candida species identification, such as 
the T2Candida panel (T2 biosystems, USA) and the SeptiFast 
assay (Roche Diagnostics, Germany), have recently entered 
the market.[94,95] Exemplarily, the T2Candida panel permits the 
identification of five clinically relevant Candida pathogens with 
high specificity (≈99%) and low detection limit (1–3 CFU mL−1) 
within 3–5 h directly from blood.[94] While, to the best of our 
knowledge, there is no commercially available PCR-based assay 
providing resistance detection in Candida species from clinical 
specimens, these assays can still facilitate treatment decisions 
as they allow identification of fungal pathogens (e.g., Candida 

krusei) that feature intrinsic drug resistance to some antifungal 
agents.[96] We envision that these tests will be refined, and also 
the detection of resistance markers will be available in the near 
future.

6.3. Whole Genome Sequencing

A more holistic approach that does not only unravel resistance-
conferring mutations in a single gene but instead analyzes 
the whole genome of a pathogen is termed whole genome 
sequencing (WGS).[97] Figure 7 illustrates a general schematic 
of such genomic approaches for antimicrobial resistance 
detection. In such assays, the pathogenic microbes (bacteria 
or fungi) are isolated from clinical specimens; subsequently, 
the genomic DNA is cut into short fragments that are ampli-
fied and sequenced. Finally, a specialized software is used to 
assemble the sequencing results enabling detailed analysis and 
the detection of resistance genes and mutations.[11] WGS prin-
cipally enables concurrent species identification, strain typing, 
and comprehensive detection of resistance-conferring genes 
and mutations.[98] Concerning AMR detection in fungal patho-
gens, WGS has been successfully applied to confirm numerous 
SNPs linked to resistance toward azoles, echinocandins, and 
5-flucytosine in C. glabrata.[99] However, in the routine clinical 
praxis, the practicability of WGS is currently still limited as it is 
costly, slow (several days turnaround time), and requires com-
plex and sophisticated software for data analysis and interpre-
tation.[97,98,100,101] Furthermore, a standardized and open-access 
database with all known resistance genes and mutations for 
the entirety of pathogenic microorganisms is still lacking, as 
emphasized by the EUCAST.[98,102]

For a more comprehensive overview of genotypic AMR 
approaches, we would like to refer the reader to the recent arti-
cles of Boolchandani et al.[86] and van Belkum et al.[38] A more 
specific insight into nucleic acid-based and molecular strategies 
for resistance detection in fungi is presented by Sanguinetti 
and Posteraro,[17] and Kidd et al.[103] in their review articles. Rath 
et al. provide an overview of commercially available PCR assays 
for Aspergillus species identification and resistance detection.[90] 
To summarize, genotypic AMR techniques have a great poten-
tial to expedite the treatment of severe fungal infections by 
directing the physicians on which drugs should be avoided.[36]

6.4. RNA-Based Resistance and Susceptibility 
Detection—The Transcriptomic Approach

Molecular detection of antimicrobial resistance is not limited to 
proteome and DNA analyses, and messenger RNA (mRNA) pro-
filing is emerging as a tool for resistance detection in microbial 
pathogens.[101,104,105] These methods are based on monitoring 
the expression signature of mRNA transcripts (transcriptome 
analysis by RNA sequencing) and leverage the fact that sus-
ceptible and resistant microorganisms have discernible mRNA 
profiles upon antibiotic exposure, allowing their classification 
into resistant or susceptible categories.

As an example, the GoPhAST-R assay[101] allowed unrave-
ling the susceptibility of five different bacterial species for 
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three clinically relevant antibiotics within 4 h, and its feasi-
bility for direct analysis of positive blood cultures was demon-
strated. Additionally, the GoPhAST-R assay allows analyzing the 
sequence of mRNAs to unveil essential resistance genes in the 
investigated pathogens. Combining this genotypic information 
with the phenotypic mRNA expression data enabled the clas-
sification of bacteria into ‘resistant or susceptible’ with 94–99% 
accuracy.[101] These transcriptomic approaches have been only 
demonstrated for bacterial pathogens, but it should be princi-
pally feasible to extend them also to fungal pathogens. Thus, 
we envision that such assays can become of great importance 
in the future and provide a novel way to detect antifungal sus-
ceptibility and resistance in fungal species.

7. The Potential of Microfluidics for AFST

Microfluidics has revolutionized the field of fungi research 
by enabling parallelization and high-throughput[106–108] pro-
cessing of different fungal species, as single cells or popula-
tions,[107,109–112] while miniaturizing the experimental setup and 
reducing the required sample volume.[106] Table 3 summarizes 
the main advantages that microfluidics-based techniques offer 
with respect to applications in fungal pathogen diagnostics.

Microfluidic systems also have the potential to integrate all 
steps (cell isolation from body fluids, detection and identifica-
tion, and susceptibility testing) in a typical clinical flow, as sche-
matically illustrated in Figure  8, and to simplify the current 
complex and lengthy procedures. For example, let us consider 
the case of candidemia, where the first functional microfluidic 
unit would allow Candida cell isolation from blood and fungal 
cell concentration. Subsequently, the resulting suspension could 
be directly processed by the ‘identification unit’. The latter can 

include adapted conventional identification schemes (as dis-
cussed in Section 2) or more sophisticated devices, such as bio-
sensors. Finally, a phenotypic AFST will be performed, and MIC 
values will be determined. While such integrated systems do not 
yet exist, we envision that in the near future, such schemes will 
be developed and successfully demonstrated for potential clinical 
applications. The following section describes emerging micro-
fluidic-based techniques for each of the essential units (namely 
isolation, detection and identification, and phenotypic AFST) 
required. Specifically, we focus on microfluidic-based techniques 
for yeast pathogens, such as Candida and Cryptococcus.

7.1. Step 1: Isolation and Concentration of 
Fungal Pathogens from Blood

Several microfluidic approaches for isolation and concentration 
of fungal cells from blood rely on their morphological difference, 
namely cell size, and shape, from white blood cells (WBCs).[119,120] 
For example, inertial focusing of lysed blood in a spiral-shaped 
polydimethylsiloxane (PDMS) device (see Figure 9A-i) was used 
to separate Candida cells from WBCs and focus them into des-
ignated outlets as shown in Figure 9A-ii.[119] However, only ≈45% 
of C. albicans cells were actually focused into the correct outlet 
from lysed blood. This effect was ascribed to the higher viscosity 
of blood compared to a buffer solution used to establish the 
system.[119] Furthermore, the separation performance was less 
efficient for other Candida species (C.  glabrata, C. parapsilosis, 
and C. tropicalis),[119] underscoring that such inertial focusing 
devices must be individually adapted for different-sized species.

Another approach is based on viscoelastic separation and 
concentration of C. albicans from WBCs using a hyaluronic 
acid solution as a viscoelastic fluid.[120] Lysed blood spiked with 

Figure 7.  Workflow depicting genomic approaches for antimicrobial resistance detection in pathogenic microorganisms. A) Bacteria or fungi are iso-
lated from clinical specimens. B) Subsequently, the cells are lysed, and the genomic DNA is extracted. C) Then, the DNA is cut into short fragments, 
and these fragments are D) amplified and E) sequenced. F) Finally, specialized software analyses and interprets the sequencing results and assembles 
the genome. Reproduced with permission.[11] Copyright 2018, American Chemical Society.
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C. albicans cells and hyaluronic acid (at a concentration of 0.1%) 
was continuously introduced into the microfluidic device, as 
illustrated in Figure 9B-i. The larger WBCs (9–15 µm diameter) 
migrated toward the channel walls, and the smaller Candida 
cells (3 µm diameter) were focused in the microfluidic chan-
nel’s center (see Figure  9B-ii depicting randomly distributed 
cells in the inlet and separated cell streams toward the out-
lets). Approximately 99% of yeast cells and 96% of WBCs were 
directed into their allocated outlet; furthermore, the micro-
fluidic device allowed a 92-fold cell concentration using two 
sequential concentration processes.[120]

Even without being integrated into a microfluidic lab-on-a-
chip device, as described above, these microfluidic cell isolation 
and concentration units can improve fungal pathogen diag-
nostics. Preconcentrating cells can help to reach sufficient cell 
numbers (gene copies) for successful PCR detection and save 
time in automated blood culture systems as higher cell num-
bers shorten the time to growth detection.[119,121] Furthermore, 
PCR assays’ sensitivity can be improved by removing WBCs 
(before DNA extraction) as their excess DNA can inhibit PCR 
reactions applied to blood samples.[120,122] Finally, microfluidic 
processing could serve as an alternative to traditional centrifu-
gation minimizing cell damage due to centrifugal forces.[123,124] 
Still, the applicability of such devices for processing ‘real’ clin-

ical samples preceding PCR, blood culture, or AFST analysis 
should be demonstrated in the future.

7.2. Step 2: Microfluidics for Fungal Pathogen Detection 
and Identification

One approach for microfluidic detection and identification 
includes functionalizing microfluidic channels with species-
specific capture probes such as antibodies.[125] Asghar et al. 
have created a microfluidic device with three channels and 
anti-C. albicans antibodies were immobilized onto the channels’ 
bottom via protein G-based surface chemistry, as depicted in 
Figure 10A-i,A-ii, respectively. Green fluorescent protein (GFP)-
expressing C. albicans at a concentration range of 10–105 CFU 
mL−1 were detected within 2 h (compared to days with conven-
tional agar-based methods). This labeled proof-of-concept assay 
is only applicable for artificially derived GFP expressing yeasts; 
still, for wild-type strains, this approach could be potentially 
extended by employing fluorescently labeled antibodies or pep-
tide nucleic acid-based fluorescence in situ hybridization.[125,126]

While only a handful of works demonstrated microfluidic-
assisted identification of fungal species, there are numerous 
biosensing systems for fungal pathogens detection[127–130] which 

Table 3.  Advantages of microfluidics for fungal pathogen diagnostic applications.

Advantage Explanation Ref.

Miniaturization Miniaturization reduces the required sample and reagent volumes,  
as well as device size benefitting potential point-of-care applications

[106,113,114]

Parallelization and 
high-throughput

Fabrication of numerous microfluidic channels or the creation of  
microdroplets allows for parallelization and high-throughput screening

[106–108]

Integration of different 
unit operations

Integration of different unit operations (e.g., cell isolation and manipulation, species identification)  
into a single microfluidic device has been successfully demonstrated

[113,115]

Single-cell analysis Microfluidic systems have been coupled with microscopy and imaging techniques for  
single-cell detection and analysis, reducing the absolute number of required cells

[107,113,115]

Controlled 
microenvironment

Microfluidic systems allow precise control over the microenvironment of cells and thus,  
are predestined to reveal the effect of the cellular environment on the cell’s behavior

[117,118]

Figure 8.  Ideal microfluidic lab-on-a-chip system for integrated cell isolation, detection, and identification, as well as phenotypic AFST of fungal patho-
gens from the blood. First, the Candida cells are separated from WBCs in lysed blood and concentrated before transferred to the “identification unit.” 
This identification step is, for example, achieved by adapted conventional identification schemes or biosensors using species-specific capture probes 
such as antibodies. The subsequent introduction of antifungals potentially allows a phenotypic AFST and a determination of MIC values. The image 
depicting C. albicans and white blood cells focused within a microfluidic device is adapted with permission under the terms of the Creative Commons 
CC BY license.[119] Copyright 2019, the Authors. Published by Frontiers Media S.A.
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have not yet been coupled with microfluidics. For example, 
immunosensors such as antibody-functionalized surface 
plasmon resonance (SPR)[129] and electrochemical impedance 
spectroscopy (EIS)[130] biosensors were employed for Candida 
cell detection. Thus, we envision that, in the future, the integra-
tion of these biosensors with available microfluidic devices[131] 
can be readily realized to advance the field.

7.3. Step 3: Phenotypic AFST

There are several microfluidic-assisted phenotypic AFST 
assays reported[60,108,132]; yet, some of these were only used for 
qualitative antifungals screening with no MIC determination. 

For example, a highly parallelized microfluidic system was 
developed for the screening of small molecule compounds 
that enhance the antifungal effect of amphotericin B against 
C.  albicans.[108] In this assay, C. albicans cells expressing GFP 
only when alive were introduced into the microchannels, as 
shown in Figure  10B.[108] The cells were incubated in a liquid 
growth medium until the growing yeast cells filled in-line the 
microchannels and adhered to their surface. Subsequently, 
mixtures of amphotericin B and various small molecule com-
pounds were introduced for 1 h, and fluorescence microscopy 
was applied to identify remaining fluorescent persister cells 
that were still alive.[108] From a library of around 50 000 com-
pounds, 10 small molecules were identified whose addition to 
amphotericin B solution increased the antifungal effect.

Figure 9.  Microfluidic tools for isolation and concentration of Candida species. A-i) Schematic of a spiral-shaped microfluidic device for isolation and 
concentration of Candida cells from WBCs by inertial focusing. A-ii) Candida cells and WBCs are focused into separate streams as they flow through 
the device; cells are stained for clarity with fluorescein isothiocyanate (Candida) and calcein (WBCs). Adapted with permission under the terms of the 
Creative Commons CC BY license.[119] Copyright 2019, the Authors. Published by Frontiers Media S.A. B-i) Schematic of a PDMS-based microfluidic 
channel for size-dependent viscoelastic separation of C. albicans and WBCs. B-ii) Comparison of randomly distributed cells at the inlet and segregated 
Candida and WBC streams at the outlet. Reproduced with permission under the terms of the Creative Commons CC BY license.[120] Copyright 2019, the 
Authors. Published by Springer Nature.
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Another approach combined a PDMS-based microfluidic plat-
form and an image processing unit to study the effects of two 
clinically relevant antifungals (amphotericin B and fluconazole) 
on germination and growth of Cryptococcus neoformans (C. neo-
formans).[132] Spore or yeast cells were seeded into microflu-
idic culture wells, exposed to the antifungal-containing growth 
medium at inhibitory drug concentrations, and incubated; see 
Figure 10C-i for image and schematic of the microfluidic cell cul-
ture device. Subsequently, the cells were imaged by light micros-
copy, and an image processing algorithm allowed to detect and 
analyze cells, as shown in Figure  10C-ii. This algorithm classi-
fied the cells into either spores or yeast, based on shape, cell 
area, and aspect ratio; vegetative growth was also assessed by 

measuring the number of cells in an image frame. Interestingly, 
both antifungals inhibited the yeast cell’s vegetative growth but 
did not impair the germination process.[132] This method has the 
potential to be expanded for the identification and assessment 
of novel antifungal drugs targeting the germination process and 
could be extended to other species such as Aspergilli by adapting 
the image processing algorithm.

To the best of our knowledge, only the above-described optical 
on-chip assay in which A. niger conidia are introduced onto 
photonic silicon chips through microfluidic channels (see Sec-
tion 5.5) demonstrated the employment of a microfluidic plat-
form for AFST, including MIC determination. Other microflu-
idic AFST approaches, as presented in this section, will still need 

Figure 10.  Microfluidic systems for fungi identification and phenotypic antifungal drug screening. A-i) Schematic of the microfluidic channel consisting 
of polymethyl methacrylate attached to a glass cover by a double-sided adhesive layer. A-ii) Functionalization of the glass slide with anti-C. albicans anti-
bodies is achieved by using protein G-based surface chemistry and allows detection of bound C. albicans cells by fluorescence microscopy. Adapted with 
permission.[125] Copyright 2019, American Chemical Society. B) A microfluidic chip consisting of microchannels is used for high-throughput screening 
of antifungal drugs against C. albicans. Adapted with permission under the terms of the Creative Commons CC BY license.[108] Copyright 2019, the 
Authors. Published by Springer Nature. C-i) Schematic of the cell culture platform for C. neoformans. C-ii) Analyzing the germination of C. neoformans 
in the microfluidic device is performed by image processing and analysis. Adapted with permission.[132] Copyright 2016, Oxford University Press.
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to demonstrate their applicability for a more quantitative AFST, 
including MIC determination for usage in clinical applications.

While microfluidic approaches specifically for AFST and 
MIC determination are still rare, microfluidic devices have been 
more frequently employed for AST of bacteria and have ena-
bled MIC determination or differentiation between “resistant” 
and “susceptible” in a couple of hours. For example, Churski 
et al. have described a microdroplet system based on reducing 
resazurin to resorufin by living cells’ metabolisms.[133] Avesar 
et  al. further extended this principle to perform AST of small 
numbers of bacteria confined within nanoliter arrays allowing 
to reveal susceptibility within ≈5 h.[134] Baltekin et al. could even 
assess antibiotic activity by direct single-cell imaging and clas-
sify E. coli bacteria as susceptible or resistant within 30 min.[116] 
Although still in its infancy, the successful application of micro-
fluidic systems for AST of bacteria emphasizes the potential 
use of microfluidics for point-of-care AFST.

8. Conclusion

The most crucial parameter in developing novel AFST methods 
is the assay time, which allows to promptly initiate a patient-
tailored therapy, thus improving antifungal therapy outcomes 
and preventing the spread of antifungal resistance.[23,135,136] 
Yet, the development of rapid phenotypic growth-based AFST 
methods is particularly challenging as, in most cases, fungi 
are relatively slow-growing species, especially when compared 
to bacteria.[137] Thus, the main conclusion of this review is that 
despite the significant progress made over the last decade, the 
overall assay time for sample collection to AFST result is still 
too lengthy to provide a meaningful clinical advantage with 
respect to reference phenotypic techniques which require sev-
eral days for completion.[12,16] For example, novel phenotypic 
approaches, such as fluorescence microscopy or flow cytom-
etry (discussed in Section 5) reduce only the AFST assay time 
to a couple of hours,[61,63] but their preceding lengthy clinical 
workflow will remain unchanged (requiring typically 2–6 days). 
Therefore, the added value of nonculture molecular approaches, 
such as genotypic AMR detection methods which allow for both 
species identification and detection of resistance-conferring 
mutations within hours,[33,93] is superior to currently available 
phenotypic techniques. In practice, these genotypic detection 
schemes are rarely performed in clinical settings, especially 
as these methods only reveal resistance in selected cases and 
not susceptibility, and as such only guide physicians on which 
drugs should be avoided.[36]

We believe that only holistic solutions for the entire workflow 
(including cell isolation and concentration, species identification, 
and AFST) are likely to unravel the “time bottleneck” of fungal phe-
notypic disease diagnostics. This review reveals that the advance-
ment of microfluidic techniques, in which integration of different 
functional units for cell isolation, identification, and phenotypic 
AFST is accomplished, will be a game changer and will also allow 
for parallelization and high-throughput screening[106–108]. We envi-
sion that in the near future, such holistic, integrated microfluidic 
schemes will be developed and successfully demonstrated for 
potential clinical applications to simplify and expedite the current 
complex and lengthy procedures.

The emergence and global spread of fungal pathogens fur-
ther accelerated by the COVID-19 pandemic[138,139] necessitate 
a joint effort of health organizations, scientists from different 
disciplines, and clinicians to combat this neglected forefront of 
fungal pathogens pathogen diagnosis and monitoring.
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Abstract
Since its invention in the 1980s, 3D printing has evolved into a versatile technique
for the additive manufacturing of diverse objects and tools, using various mate-
rials. The relative flexibility, straightforwardness, and ability to enable rapid pro-
totyping are tremendous advantages offered by this technique compared to con-
ventional methods for miniaturized and microfluidic systems fabrication (such
as soft lithography). The development of 3D printers exhibiting high printer
resolution has enabled the fabrication of accurate miniaturized and microflu-
idic systems—which have, in turn, substantially reduced both device sizes and
required sample volumes. Moreover, the continuing development of translu-
cent, heat resistant, and biocompatible materials will make 3D printing more
and more useful for applications in biotechnology in the coming years. Today,
a wide variety of 3D-printed objects in biotechnology—ranging from miniatur-
ized cultivation chambers tomicrofluidic lab-on-a-chip devices for diagnostics—
are already being deployed in labs across the world. This review explains the
3D printing technologies that are currently used to fabricate such miniaturized
microfluidic devices, and also seeks to offer some insight into recent develop-
ments demonstrating the use of these tools for biotechnological applications such
as cell culture, separation techniques, and biosensors.
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1 INTRODUCTION

In recent years, additive manufacturing techniques—also
known collectively as 3D printing—have become widely
recognized as a very promising technology, with the poten-
tial to revolutionize the biotechnology field. 3D printing
was initially developed by Charles (Chuck) W. Hull in
1984, and it was subsequently patented in 1986 as a sys-
tem that could produce three-dimensional objects in an
additive manner, layer by layer [1–3]. Since that time, this
young technology has already experienced several major
breakthroughs: First, the term 3D printing now describes
a variety of different manufacturing methods, the most
commonly known and widely used being stereolithog-
raphy (SLA) [1]; fused deposition modeling (FDM) [4];
selective laser sintering (SLS) [5]; and various inkjet-based
techniques, including MultiJet printing (MJP) [6]. Each
of these methods has its own specific relative advantages
and disadvantages—resulting in specific areas of preferred
applications for all of them. SLA, for example, enables the
production of the finest structures compared to the other
technologies [7, 8]. By contrast, FDM printers offer signifi-
cantly higher accessibility due to their relatively low acqui-
sition cost [9]. In addition, FDM printers can use a wide
range of biocompatible thermoplastic polymers,which fur-
ther expands their potential range of applications [10–12].
Second, the operation ofmodern 3Dprinters has become

very straightforward, and no longer requires any sub-
stantial expertise or training: simply put, computer-aided
design (CAD) software is used to create a 3D design, which
can then be transferred directly to the printer for manu-
facturing. The ability to create complex 3D structures in a
simple and flexible fashion sets this technology apart from
more conventional methods for constructing miniaturized
and microfluidic systems fabrication—such as soft lithog-
raphy with polydimethylsiloxane (PDMS), which requires
a unique master mold for each design [13].
Third, key features (such as printing resolution and

speed) have also significantly improved over the years.
For instance, while the first commercially available 3D
printer (SLA-1) took an entire day to print even simple
prototypes [3], modern 3D printers can print structures
with dimensions of as low as 20–30 µm within just a few
hours [14]. Collectively, these technological advancements
in the field of 3D printing now enable advanced mod-
ern 3D printer systems to create rapid prototyping systems
through which researchers can test varying experimental
parameters before fabricating miniaturized microfluidic
systems. Furthermore, concurrent advances in material
sciences have led to the development of a wide and ever-
growing array of printing materials with various useful
properties, such as translucence, heat resistance, and bio-
compatibility [15–17]—making this technology more and

more attractive for researchersworkingwithin the biotech-
nology field.
This review aims to explain additive manufacturing

techniques relevant to biotechnology applications, and
give an insight into some of the many opportunities that
modern 3D printing techniques have to offer. We focus
onminiaturized andmicrofluidic 3D-printed devicesmade
from plastic polymers for utilization in microbial and
mammalian cell culture and bioanalytics (e.g. chromatog-
raphy, electrophoresis, biosensors, etc.) and highlight rele-
vant examples mainly drawn from the last 5 years.

2 3D PRINTING TECHNIQUES

The fundamental insight underlying the concept of 3D
printing is to imagine that all three-dimensional objects
are the total sum of their various 2D elements—which can
be built up upon each other, layer by layer. Accordingly,
if a CAD model of the desired object is sliced into a finite
number of 2D layers (dependent on the resolution of the
3D printer), those layers can then be used to inform a 3D
printer how to assemble the entire object, layer by layer
[18, 19]. A popular file format to be loaded in the slicing
software is Standard Tessellation Language (.STL), which
describes an object’s surface geometry as a number of tri-
angles [87].
In the literature, several 3D printing techniques (all with

different comparative advantages and disadvantages) have
been described for the manufacturing of microfluidic and
miniaturized devices using various materials. SLA was the
first established and patented technique: in this approach,
a liquid photopolymer is precisely cured at a designated
location using a laser (see Figure 1A) [20]. A stage or car-
rier plate is immersed in a bath containing this photopoly-
mer and a photoinitiator, and its Z position can be moved
stepwise to define the printing height of each layer. Since
a laser must cure every spot, the printer’s resolution is lim-
ited by the minimum pixel size of the laser beam [20].
SLA offers both the best resolution and lowest surface
roughness of all the 3D printing techniques surveyed in
this chapter. Channel dimensions below 30 µm have been
reported in the literature [21]. A further refinement aimed
at improving the low printing throughput of SLA was the
development of digital light processing (DLP), which offers
the ability to cure all relevant spots of a layer in parallel
[22]. SLA and DLP do not require additional support mate-
rials, but the photopolymer solution needs to be removed
after the printing procedure. In addition to commercial-
ized materials, various self-defined formulations of bio-
compatible and transparentmaterials such as polyethylene
glycol diacrylate can also be employed as printing materi-
als using these techniques [21, 23]. However, it should be
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F IGURE 1 Principles of 3D printing techniques. (A) In stereolithography (SLA) a movable stage is immersed in a bath containing a
photopolymer and a photoinitiator. A laser is used to cure the polymer material at designated positions. (B) During inkjet-based printing,
main and support materials are dropwise applied onto a stage, and the main material is cured using UV light. A milling head or leveling blade
is used to smooth the surface after a layer is finished. (C) Fused deposition modeling (FDM) uses filaments of thermoplastic polymers that are
heated and subsequently applied layer by layer to create the 3D object. Adapted with permission from [45]. Copyright 2018, the authors.
Published under Creative Commons Attribution 4.0 International license (CC BY 4.0)

noted that residual non-reacted photoinitiators can impair
biocompatibility, and that the light absorptive properties of
the photopolymermight affect the printing resolution [20].
Inkjet-based techniques such as MJP and PolyJet print-

ing (these actually constitute the same technology issued
by different manufacturers) are a popular alternative since
they utilize a high degree of automation and also result
in a high-quality end product [20]. In this technology,
main and support material are applied dropwise through
printheads consisting of an array of nozzles (see Fig-
ure 1B). The main material is usually a proprietary acry-
late, which is then cured using UV light [22, 24, 25], while
the support material enables the fabrication of overhang-
ing and complex 3D structures by filling cavities and hol-
lows such as microfluidic channels—although this sup-
port material must ultimately be removed after the print-
ing procedure is completed [25, 26]. Different commercial
suppliers offer numerous materials with different proper-

ties (e.g. rigid, flexible, transparent, biocompatible, high-
temperature resistant [15, 27, 28]. Unfortunately, the exact
formulation of these commercialized materials is often
not publicly available, and, as a result, the bioactivity of
any such material must first be investigated carefully prior
to use, as some of these materials may release poten-
tially non-biocompatible leachables [20]. In addition, since
all materials are applied dropwise, the overall resolution
depends on the droplet size [22]—although this still per-
mits the fabrication of channel dimensions in the range of
hundreds of micrometers and below [29–32].
Last but not least, FDM is the cheapest technique for 3D

printing of miniaturized devices. This technology belongs
to the extrusion-based methods, as a printhead heats
thermoplastic filaments above the melting point and then
applies them onto a surface to let them cool (see Figure 1C)
[20]. Instead of an external support material being used to
filling cavities, fragile support structures are themselves
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printed—which facilitates the creation of overhanging
structures. The main advantages of FDM are the free
choice of material (e.g. acrylonitrile butadiene styrene
(ABS) [33], polyethylene terephthalate glycol (PETG)
[18], polylactide acid (PLA) [18, 34, 35], polyurethane
[36], etc.), the ability to use multiple materials within a
single 3D-printed object, and the option to intervene in the
printing process [18, 37, 38]. Themain disadvantages posed
by this technique are the usage of heat-sensitive materials
(thermoplastics), the risk of potential fluid leakage due
to an incomplete infill of the filamentous structures, and
the difficulty of printing integrated channels [39]. This
method also has the highest roughness and the lowest
printing resolution out of all of the techniques surveyed in
this paper [22, 40]. Nonetheless, even using FDM, channel
dimensions down to 40 µm have still been reported [36]—
although channel dimensions in the range of hundreds of
micrometers are far more common [34, 35, 41].
It should be emphasized that the 3D printing technol-

ogy andmaterial have to be selected carefully and with the
specific goals of a given project in mind, since there is no
universal material that is best suited (or even appropriate)
for all conceivable applications. For usage in biotechnol-
ogy, desiredmaterial properties that must be carefully con-
sidered include biocompatibility, gas permeability, and the
option to be sterilized. In FDM, commonly used materials
such as ABS and PLA are biocompatible—but the fabri-
cation of transparent devices and integrated microfluidic
channels can be challenging [13, 42]. Somematerials, such
as the commonly used PLA, are heat-sensitive and thus not
suited for heat steam sterilization; however, heat-resistant
alternatives for FDM exist. Photocurable materials such as
polyacrylates (typically used in SLA and inkjet-based tech-
niques) are better suited to create transparent devices, the
development of integrated microfluidic channels is more
straightforward, and heat steam sterilizable materials are
also available [13, 27, 42].However, researchers should bear
in mind that photopolymers may have cytotoxic proper-
ties, and comprehensive biocompatibility studies for many
commercially availablematerials are often nonexistent [13,
20]. Nevertheless, there are also examples of such biocom-
patible resins used in SLA and inkjet-based techniques [15,
43].
It is also dangerous to attempt to generalize about the

biocompatibility of any 3D printing material. For example,
Rimington et al. have demonstrated that the same 3Dprint-
ing material had varied cell-specific effects in terms of pro-
liferation and differentiation for different cell types [44];
Siller et al. have demonstrated that even post-processing
can have a significant effect on the biocompatibility [15].
This underscores, once again, that the material used for
any given project must be selected, taking into account
both the cell type(s) and the application(s) in question.

In terms of gas permeability, however, it can generally be
stated that 3D-printed plasticmaterials used in SLA, inkjet-
based techniques, andFDMtend to have relatively poor gas
permeability [13]. For further reading, we would refer the
reader to the excellent review article of Bhattacharjee et al.
who give a detailed overviewof various properties of plastic
materials used in SLA, FDM, and inkjet-based 3D printing
technologies [13].

3 3D-PRINTED DEVICES FOR
MICROBIAL AND CELL CULTURE

Due to the wide availability of biocompatible materials,
3D printing allows for the fabrication of microbioreactors,
cultivation vessels, and other devices for microbial and
mammalian cell culture applications. Various studies have
now demonstrated the biocompatibility of diverse mate-
rials that are compatible with different 3D printing tech-
niques [15, 43, 46]. For instance, Siller et al. have com-
prehensively studied the biocompatibility of polyacrylate
materials used in inkjet-based 3D printers for the culti-
vation of mesenchymal stem cells (MSCs) according to
EN ISO 10993-12 (2012). The viability of cells wasmeasured
by various assays (Cell Titer Blue assay, lactate dehydro-
genase assay, flow cytometry, real-time live-cell imaging)
and found to be unaffected by the polyacrylate materials
themselves [15, 47]. However, post-processing and steril-
ization/disinfection procedures were found to exert signif-
icant effects on cell growth and viability [15].

3.1 Microbioreactors for microbial
cultivation

Miniaturization is one of the most significant advantages
offered by microbioreactors during bioprocess optimiza-
tion. These systems significantly reduce the required vol-
umes of cell culture media—thereby enabling researchers
to run several experiments at varying conditions in paral-
lel, while also conducting them in a highly space-efficient
manner. Furthermore, 3D printing facilitates rapid pro-
totyping of microbioreactors at a comparatively low
price, since adapting the CAD file permits simple reactor
design adjustments. One example of such a miniaturized
system was presented by Panjan et al. who developed
a microbioreactor (1 mL internal volume) fabricated
by SLA procedure to cultivate Saccharomyces cerevisiae
(S. cerevisiae) with integrated optical density (OD) and
real-time glucose monitoring [48]. Figure 2A-i depicts the
reactor design consisting of its main cultivation chamber,
including a connection port for glucose biosensor integra-
tion, an inlet and outlet for liquids, and a gas outlet on top
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F IGURE 2 3D-printed microbioreactors for microbial cultivation. (A-i) 3D-printed microbioreactor consisting of (1) inlet (2) outlet (3)
gas outlet and (4) the main reactor chamber with biosensor integration port. (A-ii) In the experimental setup, a (1) OD sensor is clipped onto
the (2) reactor chamber, and the (3) glucose biosensor is integrated. (A-iii) Sterile integration of the glucose biosensors guaranteed by
separating the microbioreactor and the biosensing unit with a diffusion limiting membrane. Adapted with permission from [48]. Copyright
2018, the Royal Society of Chemistry. Published under Creative Commons Attribution-NonCommercial 3.0 Unported license (CC BY-NC 3.0).
(B-i) Exploded view of the micro bubble column reactor consisting of the main reactor module, sensor plate within a surrounding frame, and
silicon sealing being held together by magnets. (B-ii) Schematic of the reactor depicting the position of microsensor spots for process analysis,
gassing in-, and outlet as well as the connectors for temperature control. Adapted with permission from [49]. Copyright 2021, the authors.
Published under Creative Commons Attribution 4.0 International license (CC BY 4.0)

of the reactor. Placing two small polytetrafluoroethylene
(PTFE)-covered magnetic balls inside the microbioreactor
enabled magnetically mediated mixing during the cultiva-
tion process. Figure 2A-ii depicts the experimental setup,
which included a clipped-on OD sensor and an integrated
electrochemical glucose oxidase biosensor. Integration
of such biosensors for process control in microbioreac-
tors is particularly challenging since the sterility of the
system needs to be guaranteed. In the presented work,
this challenge was overcome by connecting the reactor
chamber to a microfluidic channel via a diffusion limiting

membrane (see Figure 2A-iii). This membrane prevented
contamination, while still allowing glucose slowly to pass
through (i.e. from the reactor to the non-sterile microflu-
idic channel) and be flushed towards the biosensor. As a
proof-of-concept, this microbioreactor system successfully
monitored S. cerevisiae growth and glucose consumption
in real-time over a cultivation period of 8 h.
In another article, Frey et al. reported the development

of a customized 3D-printed micro bubble column reactor
system (fabricated byMultiJet printing) and demonstrated
its successful integration with various microsensors for
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bioprocess control during the cultivation of S. cerevisiae
[49]. In this system, gassing occurred from the reactor
bottom, causing air bubbles to rise through the reactor
chamber. Fluids (e.g. culture medium) in the microbiore-
actor were thereby agitated, preventing concentration
and temperature gradients without using stirrers. Fig-
ure 2B-i depicts an exploded view of the microbioreactor
components: The main reactor module sets the shape
of the device and provides channels for temperature
and gas transfer control. The sensor plate containing
microsensing elements, a surrounding frame, and silicon
sealing creates the reactor volume by being tied to the
main reactor module with magnets. Furthermore, the
overall system is clamped together, using a connector
clip and screws, in order to avoid leakage. The sensor
provides a rapid heat and mass transfer due to the small
reactor volume (550 µL), online monitoring of process
parameters (biomass, dissolved oxygen, pH), and exhaust
gas analysis (O2, CO2). Figure 2B-ii depicts a schematic
of the reactor detailing the position of microsensor spots
for process analysis, gassing in, and outlet, as well as the
connectors for temperature control. During an S. cerevisiae
cultivation over a 16 h period, the process parameters were
successfully monitored. In terms of the growth rate, the
3D-printed micro bubble column reactor achieved similar
values (0.403 ± 0.02 h−1 at 20 g L–1 glucose) compared
to conventional systems such as a 2.5 L stirred-tank
bioreactor in batch mode (0.4 h–1 at 30 g L–1 glucose) [50].

3.2 Applications in mammalian cell
culture

Microbioreactors also hold great promise for application in
the field of mammalian cell culture; for example, Quian
et al. have recently fabricated miniaturized 3D-printed
spinning bioreactors to generate and culture forebrain-
specific organoids derived from human-induced pluripo-
tent stem cells [51]. These organoids are small organ-
like cell structures that can be artificially produced from
embryonic, adult, and induced pluripotent stem cells, and
as such they are highly useful for disease modeling and
drug testing since they resemble “real” organs much more
closely than conventional monolayer cultures [51, 52].
Theirmicrobioreactorswere created by fitting a 3D-printed
cover consisting of 12 spinning shafts and interconnect-
ing gears (created by FDM) onto a standard 12-well plate
(see Figure 3A). The gears were driven by a single electric
motor, allowing the researchers to sustain organoids in sus-
pension under gentle spinning conditions and thereby pre-
venting aggregation and increasing cell viability compared
to static cultures. Miniaturization of the system enables
studying organoid generation and performing drug screen-

ing and disease modeling under different conditions at
lower volumes—which reduces the cost of running exper-
iments compared to deploying larger spinning flasks. As a
proof-of-concept application, the forebrain-organoid plat-
form was employed for disease modeling of Zika virus
exposure.
Other works have also demonstrated (for example) the

usefulness of microfluidic on-chip platforms as blood-
brain barrier models [53], microbioreactors for tissue engi-
neering [54], and cultivation chambers for studying angio-
genesis (formation of new blood vessels) [55]. These exam-
ples underscore the tremendous applicability of 3D print-
ing across a wide variety of cultivation devices and appli-
cations.
Aside from the employment of 3D printing technology

to fabricate microbioreactors or cultivation devices, addi-
tive manufacturing techniques have also been utilized to
manufacture other mammalian cell culture-related 3D-
printed tools. For example, Alessandri et al. have devel-
oped a microfluidic co-extrusion device that enables the
production of hydrogel microcapsules to cultivate and dif-
ferentiate human neuronal stem cells [56]. Production of
these hydrogel microcapsules could potentially be used to
create a 3D culture system for high-throughput screen-
ing, since a massive amount of these stem cell-containing
microcapsules can be produced automatically at once. This
3D-printed tool was created by a DLP printer and consists
of three inlets (Figure 3B-i) which separately guided fluids
into three individual conical layers (Figure 3B-ii), where
the outer layers surrounded the inner ones. Three syringe
pumps then introduced an alginate solution into the outer
layer, an intermediate buffer solution into themiddle layer,
and the cell suspension supplemented with matrigel (to
support stem cell growth) into the inner layer. At the noz-
zle of the 3D-printed devices, the fluids conjoined and
formed droplets with cells encapsulated in them, which
were then collected into a calcium gelatination bath (see
Figure 3B-iii for the 3-way co-extrusion procedure and pro-
duction of the hydrogelmicrocapsules). Neuronal stem cell
differentiation into neurons was successfully achieved by
culturing the encapsulated cells in a mitogen-free differ-
entiation medium for 13 days; viability was found to be
high (∼98%), as revealed by 4’,6-diamidino-2-phenylindole
(DAPI) immunofluorescence.
In a recent project reported by Lavrentieva et al. a 3D-

printed devicemade frompolyacrylatematerial usingMul-
tiJet technology was employed to create stiffness gradient
hydrogels. These hydrogels are capturing increasing inter-
est in the field of mechanobiology for studying the influ-
ence of mechanical cell-matrix (e.g. extracellular matrix)
interactions [57]. Reproducible fabrication of these stiff-
ness gradient hydrogels helps researchers to experimen-
tally identify the optimalmechanical conditions for 3D cell
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F IGURE 3 3D-printed devices for mammalian cell culture applications. (A) Microbioreactors for forebrain-specific organoid generation
and zika virus disease modeling. Reproduced with permission from [51]. Copyright 2016, Elsevier. (B-i) A 3D-printed co-extrusion device with
three inlets and (B-ii) three separate conical layers conjoining to form a nozzle is employed to (B-iii) encapsulate human neuronal stem cells
into hydrogel microcapsules for high-throughput differentiation. Adapted with permission from [56]. Copyright 2016, the Royal Society of
Chemistry. (C-i) A 3D-printed microfluidic mixing device is used to (C-ii) create stiffness gradient hydrogels and (C-iii) study their mechanical
influence on cell spreading using various fluorescence dyes for staining. Adapted with permission from [57]. Copyright 2020, the authors.
Published under Creative Commons Attribution 4.0 International license (CC BY 4.0)
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culture with respect to changes in morphology and cell
spreading. In the presented approach, two syringes were
connected to the 3D-printed tool, and the gradient was cre-
ated by pumping hydrogels with high and low crosslinker
amounts at varying flow rates into the device. An inte-
grated HC-mixer (as previously described [25]) facilitated
homogenous mixing before hydrogels were cast onto a
moving molding bath (see Figure 3C-i for a micrograph
of the 3D-printed device and Figure 3C-ii for the hydro-
gel fabrication procedure). Human adipose tissue-derived
mesenchymal stem cells (hAD-MSCs) and human umbil-
ical cord vein endothelial cells (HUVECs) cells were then
encapsulated into the hydrogel and cultivated for 7 days.
These cells were subsequently visualized via staining and
fluorescencemicroscopy (see Figure 3C-iii), and the results
demonstrated that cell spreading was increasingly hin-
dered along the gradient with higher stiffness.
3D printing has also been employed to create spiral-

shaped inertial focusing devices with potential use for
cell culture applications [58]. Such tools are traditionally
fabricated via soft lithography (PDMS) or micromilling
procedures [58, 59] and were, for instance, demonstrated
to isolate T and B cells from blood [60] or isolate single
stem cells from stem cell clusters [61]. Such tools have
also been used for cell retention integrated into miniature
auto-perfusion bioreactors, and as such they can greatly
contribute to bioprocess applications [62].
Here, once again, 3D printing offers an alternative

to conventional methods that require cleanroom proce-
dures (photolithography/ soft lithography) or are subtrac-
tive approaches (micromilling) [58]. Figure 4A depicts an
example of a 3D-printed inertial focusing device that can
be used to separate bacteria cells using antibody-modified
magnetic nanoparticle clusters. In this system, single bac-
teria are focused near the outer wall of the channel,
while larger clusters of bacteria attached to the magnetic
nanoparticles are focused towards the inner channel wall
(see Figure 4B) and transferred to their respective outlets
[63]. The presented device potentially enables the separa-
tion of specific bacterial species by choosing the appropri-
ate antibodies.
While 3D-printed inertial focusing devices for biopro-

cess applications are still rare, we believe that these tools
will increasingly be employed for such operations in the
future. For example, Enders et al. have shown that these
3D-printed spiral cell separator devices can be used for cell
retention to enable continuous cultivation processes [64].
Such systems could also potentially be used to concentrate
cells with the aim to improve the transient transfection of
mammalian cell lines used for protein production.
We note in passing that 3D printing has mainly been

employed for tissue engineering applications by printing
scaffolds from various materials and bioprinting (printing

of biomaterials and living cells). Because this review aims
to explain the application of 3D-printed miniaturized and
microfluidic devices made from plastic materials, we do
not dwell on 3D printing for tissue engineering; neverthe-
less, we would refer any interested readers to the review
articles of Tamay et al. [65] and Zaszczynska et al.[66].

4 3D-PRINTED DEVICES FOR
BIOANALYTICS

Bioanalytical methods such as chromatography and elec-
trophoresis are routinely used in biotechnology labora-
tories to separate and detect nucleic acids and proteins.
Biosensors are widely applied to detect various target
molecules using appropriate biosensing schemes (e.g. opti-
cal, electrochemical, mechanical, etc.) and concepts. Once
again, 3D printing offers substantial benefits across all of
these applications—including systemminiaturization that
reduces fluid consumption, and required space and results
in lowered experimental cost and greater parallelization
opportunities. Moreover, 3D printing also enables rapid
prototyping of different experimental setups in a flexi-
ble and customized fashion. For example, in terms of
biosensor integration into 3D-printed microfluidic sys-
tems, parameters such as channel dimensions and geome-
tries, and device size can all be quickly adjusted to fit shift-
ing experimental requirements.

4.1 Chromatography and
electrophoresis

One advantage of 3D printing for chromatography appli-
cations is the ability to miniaturize systems, which can
be used to combine numerous columns within a sin-
gle 3D-printed device or miniaturize very long chromato-
graphic columns within one microfluidic lab-on-a-chip
tool [67, 68]. One example of such a miniaturized chro-
matographic system was given by Lucklum et al. who
developed stacked spiral miniature 3D gas chromatogra-
phy columns for potential use in a portable ethylene sensor
system during fruits transport and storage [69].
Moreover, the ability of 3Dprinting tomanufacture com-

plex 3D structures enables the production of customized
and tailored column beds. While conventional beds are
often made out of porous materials with inhomogeneous
structures, they can be directly manufactured via 3D print-
ing in an ordered fashion with specific geometries to
improve the separation performance [67, 70]. Simon and
Dimartino were one of the first to manufacture an ion-
exchange adsorber with a DLP printer in a single step,
using a customized printing material [71, 72], thereby
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F IGURE 4 3D-printed microfluidic inertial focusing device for bacteria separation (A) Schematic of the 3D-printed spiral-shaped inertial
focusing device. Bacteria and antibody-modified magnetic nanoparticle clusters (MNC) are introduced into the system. (B) Single bacteria are
focused near the outer wall of the channel, while bacteria attached to the antibody-modified magnetic nanoparticles are focused close to the
inner channel wall, enabling separation into designated outlets. (C) Photograph of the 3D-printed tool. Reproduced with permission from
[63]. Copyright 2015, the authors. Published under a Creative Commons Attribution-NonCommercial-NoDerivs 4.0 International License

enabling the fabrication of columns with such ordered bed
morphology (see Figure 5A). This systemwas used to sepa-
rate BSA and myoglobin and purify C-phycocyanin, a bac-
terial pigment-protein with potential uses in medicine and
biotechnology by means of anion exchange chromatogra-
phy [72].
Although the feature size of the adsorbers bed channels

was reportedly larger than in commercial resins (200 µm
compared to 50 µm), the separation performancewas simi-
lar. The authors claim that the improvement of 3D printing
resolution within the next few years will likely continue to
enhance the comparative performance of these 3D-printed
bed columns in comparison to more conventional packag-
ing [72].
With respect to the bed structure design, the ability of

3D printing for rapid prototyping also offers tremendous
benefits. For example, different bed structures with var-
ious sizes or geometries can potentially be created and

expeditiously tested for their separation performances. Fig-
ure 5B shows a collection of ordered beds with different
geometries (such as spheres, tetrahedra, and triangular
bipyramids) that are designed, printed, and characterized
in various configurations according to their shape, posi-
tion, orientation, and plate height. Experimental valida-
tions of computations predictions regarding such permu-
tations can be achieved through rapid prototyping of these
structures via 3D printing [73].
For the future, we envision integrated and continuous

chromatographic units in biotechnological applications.
For instance, culture broth from a bioprocess could con-
tinuously be forwarded through a chromatographic sepa-
ration unit for preparative or analytic purposes. The role
of 3D printing would be to help achieve the simplifica-
tion of interfacing across all units. A single 3D-printed
microfluidic chip could potentially supersede complex tub-
ing connections, integrate valves for pseudo-continuous
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F IGURE 5 (A) 3D-printed anion exchange column with (i-ii) an ordered bed morphology. These ordered cylindrical structures are
termed Schoen gyroid structures. (iii) Integration of the 3D-printed structure in a glass column. Adapted with permission from [72]. Copyright
2020, the authors. Published under Creative Commons Attribution 4.0 International license (CC BY 4.0). (B) Bed geometries designed and
printed via 3D printing. These structures were experimentally investigated regarding their plate height to confirm computational predictions.
Adapted with permission from [73]. Copyright 2017, Elsevier

sample injection. Using customized 3D-printed threads,
this interface could integrate any commercialized or self-
designed (3D-printed) columns or follow-up analytics (e.g.
mass spectrometry) into a single miniaturized and tightly
arranged platform. One particularly tantalizing example
of how 3D printing can facilitate the integration of high-
performance liquid chromatography (HPLC) into a cus-
tomized and more complex setting was given by Wang
et al. in 2017. An end front sample preparation applica-
tion was developed, which included both microflow injec-
tion (µFI) and peak focusing. For the µFI, a 3D-printed
multiway valve controlled the access of sample, eluent,
and washing buffer towards HPLC, 3D-printed microsolid
phase extraction (3D-µSPE) unit, and waste. The 3D-µSPE
accomplished peak focusing using polyaniline-decorated
magnetic nanoparticles and antimicrobial substances have
been detected with a 16-25 fold increase of efficiency in
saliva and urine samples [74].
An example of a 3D-printed gel electrophoretic chip

(created by MultiJet technology) that proved useful for
DNA separation was recently given by Adamski et al. in
their work. Figure 6A-i depicts a schematic of this device,
which consists of two crossedmicrofluidic channels where

the shorter channel is used to introduce the DNA sample
(fluorescently labeled 50 to 800 bp DNA ladder fragments)
and transfer it to the longer separation channel, which is
filled with electrophoresis gel [75]. The introduced fluo-
rescently labeled DNA fragments (Figure 6A-ii) are then
driven through the channel by applying a voltage and sep-
arated (Figure 6A-iii and iv). Fluorescence is used to detect
the labeled and separated DNA fragment at a designated
spot (Figure 6A-v and vi). According to the authors of that
publication, this device is the first 3D-printed tool ever
reported as being successfully used for gel electrophoretic
DNA separation. Notably, this device can also be rapidly
fabricated (3 h printing) at a relatively low cost (<1€).
3D printing has additionally been employed to cre-

ate free-flow electrophoresis systems [33, 76, 77]. This
electrophoretic technique separates the analytes in a
liquid phase continuously, and does not require a gel-like
matrix of the sort utilized in agarose gel electrophoresis
and sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) for DNA and protein separation,
respectively [78]. For example, Preuss et al. have devel-
oped a 3D-printed free-flow electrophoresis device with a
simple design that can be fabricated from a polyacrylate
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F IGURE 6 3D-printed electrophoretic devices. (A-i) Schematic of the 3D-printed device for gel electrophoretic separation of DNA. (ii-iv)
Fluorescently-labeled DNA fragments introduced into the separation channel are driven through the channel by applying voltage and
separated. (v-vi) Fluorescence is used to detect the fragments. Reproduced with permission from [75]. Copyright 2016, the authors. Published
under Attribution-NonCommercial-NoDerivatives 4.0 International license (CC BY-NC-ND 4.0) (B-i) Schematic of the 3D-printed free-flow
electrophoretic system used to (ii) separate fluorescence dyes and (iii) fluorescently-labeled amino acids. Adapted with permission from [76].
Copyright 2020, the authors. Published under Creative Commons Attribution 4.0 International license (CC BY 4.0)

material using the MultiJet printing technology [76]. This
free-flow electrophoresis system consists of inlets for
buffer and sample, a separation chamber, and outlets that
guide the separate fractions into designated collection
wells (see Figure 6B-i). Alongside the device, two platin
wires (functioning as electrodes) are installed and sepa-
rated from the separation chamber using a polycarbonate
membrane. The principle of this free-flow electrophoresis
technique is straightforward: Applying a voltage creates
a positive pole on one side of the separation chamber
and a negative pole on the other side, allowing reser-
achers to separate differently charged molecules. In this
proof-of-concept study, the fluorescence dyes rhodamine
B, pyronine Y, and sulforhodamine B (Figure 6B-ii), and
the fluorescently-labeled amino acids arginine, glycine,
and glutamate (Figure 6B-iii) could be successfully
segregated.

4.2 Biosensors and point-of-care
diagnostics

Various biosensor systems designed to detect diverse tar-
get molecules such as DNA [79], proteins [80], carbohy-
drates [81, 82], and bacteria [26] have also been success-
fully integrated into 3D- printed systems. The integration
of optical and electrochemical biosensors into microflu-
idic andminiaturized 3D-printed systems has been an area
of increasing interest in recent years [83]. An example of
such an optical biosensor was presented by Arshavsky-
Grahamet al. who deployed a photonic porous silicon (PSi)
chip as the transducing element and integrated the chip
into a 3D-printed system (see Figure 7A-i) [80]. These PSi-
chips consist of a porous nanostructure that is preferen-
tial for capture probe (e.g. aptamers, antibodies) immobi-
lization due to its high surface area [84]. Molecule binding
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F IGURE 7 3D printing for biosensing applications. (A-i) Photograph of the 3D-printed device with integrated photonic PSi-chips. (A-ii)
The chip’s silicon nanostructure is functionalized with aptamers specific for target proteins exhibiting a histidine-tag. (A-iii) Measurements
are conducted at different spots along the microfluidic channel, and optical readout and analysis are performed to (A-iv) monitor target
molecule binding by tracking changes in the refractive index within the porous layer. Reproduced with permission from [80]. Copyright 2021,
the authors. Published under Creative Commons Attribution 4.0 International license (CC BY 4.0). (B-i) Photograph of the impedance-based
biosensor for E. coli detection in which (B-ii) the SPE is placed between two 3D-printed parts. The system is held together by disc magnets and
sealed by using an o-ring. (B-ii) Presence of E. coli cells onto the aptamer-decorated SPE gold surface is detected by monitoring changes in the
impedance signal. Adapted with permission from [26]. Copyright 2020, the authors. Published under Creative Commons Attribution 4.0
International license (CC BY 4.0). (C) Microdialysis probes and lactate and glucose biosensors are integrated into a 3D-printed system to
analyze lactate and glucose levels in subcutaneous tissue during a cycling exercise. Reproduced with permission from [85]. Copyright 2015,
American Chemical Society. Published under Creative Commons Attribution 4.0 International license (CC BY 4.0)
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(Figure 7A-ii) to these capture probes can bemonitored in a
label-free manner by illuminating the chips (Figure 7A-iii)
and recording unique reflectance spectra using a spectrom-
eter. The reflectance spectra are then analyzed to monitor
refractive index changes within the porous nanostructure
caused by target molecules binding to the respective cap-
ture probe (see Figure 7A-iv). In the presented work, the
PSi-chip was integrated by bonding the 3D-printed device
(created by MultiJet printing) with microfluidic channels
open to their bottom onto the chip’s surface using an opti-
cal adhesive. Subsequently, the nanostructured silicon sur-
facewas functionalized using an established aptamer bind-
ing to histidine-tags in proteins. Optical readout and anal-
ysis were also enabled by the translucent properties of the
3D-printed material. Both the selectivity and sensitivity of
this 3D-printed microfluidic biosensing system were supe-
rior to the previously used system; moreover, biosensor
regeneration was also demonstrated using an imidazole-
containing buffer to elute the targetmolecule from the sen-
sor surface. In general, this same concept can be applied for
various target molecules simply by employing designated
aptamers or other capture probes.
In anotherwork, Siller et al. similarly demonstrated how

an electrochemical impedance spectroscopy (EIS) biosen-
sor for bacteria detection could be integrated into a 3D-
printed system using the same printing technology [26].
Figure 7B-i and -ii both illustrate the 3D-printed device,
which consisted of a screen-printed electrode (SPE) placed
between two 3D-printed parts held together by magnets.
The upper part contained a cavity, allowing the addition
of defined volumes of buffer or bacteria suspension onto
the electrode. The gold surface of the SPE was function-
alized with aptamers specific for Escherichia coli to facil-
itate the detection of this bacterial species by EIS mea-
surements (Figure 7B-iii) at cell densities between 105 and
108 cells mL–1. In contrast, a different bacterium, Entero-
coccus faecalis, remained indetectable even at high con-
centrations (108 cells mL–1), demonstrating the system’s
selectivity. This project also highlights one of the particu-
lar strengths of this approach: design flexibility. The static
system (described above) was adjusted to create a flow cell
by integrating inlets and outlets, enabling automated con-
trol of the fluid flow and introducing defined volumes (e.g.
washing buffer and sample suspensions) by connecting the
flow cell to pumps. For instance, this system could be used
to adjust concentrations automatically, run concentration
gradients, or switch between dynamic (flow) and static
(without flow) states. Moreover, a micromixer was also
integrated, enabling homogenous mixing of fluids before
being introduced onto the SPE surface.
3D printing has even been applied to fabricate sys-

tems that can potentially be used as wearable biosensors.
For example, Gowers et al. have reported their success-

ful integration of microdialysis probes, as well as glu-
cose and lactate biosensors, into a 3D-printed system
[85]. Their device was attached directly to the human
body, and facilitated the measurement of lactate and glu-
cose levels in the subcutaneous tissue during cycling
exercises, as shown in Figure 7C. Tracking both of
these biomarkers is of particular interest for sports- and
fitness-related monitoring, since lactate is produced dur-
ing intense exercise when there is not sufficient oxygen
in the tissues and aerobic metabolism cannot provide
enough energy for the body [85]. The described biosen-
sor system demonstrates a concrete step towards point-
of-care applications which would potentially permit indi-
vidual physicians to perform monitoring and diagnos-
tics on individual patients without relying on centralized
laboratories. Indeed, 3D printing has already been used
for various applications in this realm—including blood
plasma separation, concentration and detection of bacte-
ria from blood, or diagnosis of drug-resistant bacteria [86],
underscoring yet again the tremendous versatility of this
technology.

5 CONCLUDING REMARKS

In this review, we have sought to offer some insights into
promising recent developments of 3D printing technol-
ogy for the fabrication of miniaturized and microfluidic
tools in the biotechnology field. Various devices for dif-
ferent applications—ranging from cell culture to biosen-
sors and diagnostics—have already been realized in labs
across the world, thanks to the ever-increasing variety of
available materials and printing technologies. Compared
to soft lithography using PDMS, 3D printing allows for
the relatively automated and straightforward fabrication of
devices, within a single step and without the requirement
for a master mold or cleanroom procedures.
Having said that, some technological barriers do con-

tinue to limit the widespread adoption of 3D printing for
microfluidic systems—and, to date, no 3D printing tech-
nology and material have managed to successfully pack-
age and duplicate all the beneficial properties realized
through PDMS (e.g. very high resolution, biocompatibil-
ity, gas permeability, optical clarity, and flexibility) [13].
Nevertheless, the authors firmly believe that the princi-
ple obstructionswhich currently impedewidespread adop-
tion of this technology can, and will, be substantially over-
come within the next few years. Only the future will
reveal if 3D printing remains a technique primarily used
for experiment-specific rapid prototyping, or if 3D print-
ing will finally enable rapid manufacturing of customized
3D-printed tools for market-wide applications such as
cell culture, biosensors, or point-of-care diagnostics—but
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there is unquestionably room for great optimism about the
promise of this young and rapidly advancing technology.
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3.3 Silicon Diffraction Gratings as Optical Sensors 
Microstructured photonic silicon chips consisting of diffraction gratings have been recently applied to 

optically track the behaviour of microorganisms on micropatterned surfaces in real-time.28,32,33 These 

diffraction gratings consist of microwell or micropillar patterns and are fabricated by conventional 

photolithography and reactive ion etching processes.28,32 The diffraction gratings act as a multiple slit with 

a specific slit width and periodicity that reflects light into a set of diffraction orders (as schematically 

presented in Figure 3A-i) and create 2D diffraction patterns, as shown in Figure 3 A-ii. These patterns can 

be described as follows:34,35 

 𝐼𝐼(𝜃𝜃) ∝ 𝐼𝐼1𝐼𝐼2𝐼𝐼3 (1) 

and 
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Where I is the intensity of the reflected light, K equals �𝑑𝑑𝑑𝑑
2𝜆𝜆
� 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, 𝜆𝜆 is the wavelength, θ the diffraction 

angle, d the grating period, and N the number of illuminated pores or pillars. The phase shift between the 

light reflected from the top and bottom of the periodic microstructure is described by 𝜓𝜓0 =  (2𝜋𝜋
𝜆𝜆

)𝛿𝛿 with 𝛿𝛿 

being the optical path difference (OPD). This OPD is the extra distance a light beam travels that is reflected 

from the bottom of the microstructure. As Figure 3B demonstrates, the OPD is the sum of the distances AB, 

which is L (the height of the microstructure), BC described by d/2 sinθ and CD given by L cosθ. Thus, the 

OPD can be expressed with the following equation: 

 
𝑂𝑂𝑂𝑂𝑂𝑂 = 𝐿𝐿 +

𝑑𝑑
2

 𝑠𝑠𝑠𝑠𝑠𝑠θ + L cosθ 
(3) 

When the diffraction angle θ is 0 the OPD equals: 

 𝑂𝑂𝑂𝑂𝑂𝑂 = 2𝐿𝐿 (4) 
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This yields: OPD = 2nL when the microstructure is filled with a medium with the refractive index n. The 

2nL parameter is also referred to as the effective optical thickness (EOT) of the silicon microstructure. The 

diffraction pattern of the latter structures is described by the following equation when θ is 0: 

 𝐼𝐼(𝜃𝜃 = 0) = 𝑐𝑐𝑐𝑐𝑐𝑐2(
𝜓𝜓0
2

) (5) 

And thus:34  

 𝐼𝐼(𝜃𝜃 = 0) = cos2 �
2𝜋𝜋𝜋𝜋𝜋𝜋
𝜆𝜆

� (6) 

 

Figure 3 Optical properties of Si diffraction gratings. (A-i) The diffraction gratings reflect light into a set of diffraction 
orders, and (A-ii) create a 2D diffraction pattern when illuminated with a laser (here exemplarily for a HeNe laser at 
632 nm). Images adapted with permission from Mirsky et al.35 (B) Schematic of a silicon diffraction grating. The light 
is reflected from the top and bottom of the microstructure. Image created according to Leonard et al.34 

When photonic silicon chips consisting of such diffraction gratings are illuminated by a white light source 

positioned perpendicularly to the chip surface (Figure 4A), and the zero-order (θ = 0) reflected light is 

recorded, characteristic reflectance spectra are obtained, see Figure 4B-i. These spectra exhibit typical 

interference fringes as the light is partially reflected from the top and bottom of the Si microstructure. Fast 

Fourier transform (FFT) frequency analysis of the reflectance spectra yields a single peak where the peak 

position corresponds to the 2nL (n = refractive index within the microstructure and L = depth or height of 
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the microstructure) and the peak height corresponds to the intensity of the reflected light as depicted in 

Figure 4B-ii. The 2nL can be used to detect and monitor microbial growth within the microstructure by an 

optical assay, termed PRISM; for example, bacteria growing within the structure increase the refractive 

index n and thus the 2nL parameter. Also, the intensity signal can be used to monitor microbial growth on 

top of the structure by intensity-based PRISM (referred to as iPRISM) as the cells scatter light and reduce 

the intensity signal. 

 
Figure 4 Principle of photonic silicon chips consisting of microwell diffraction gratings. (A) The photonic silicon 
chips are illuminated by a white light source, and a spectrometer records the zero-order reflected light. The insert 
shows a scanning electron micrograph of the microwell structure (scale bar corresponds to 4 µm). (B-i) The resulting 
reflectance spectra exhibit interference fringes as the top and bottom of the microstructure partially reflect the light. 
(B-ii) The reflectance spectra are analyzed by fast Fourier transform (FFT), and in the resulting single peaks, the peak 
height corresponds to the intensity of the reflected light and the peak position to the 2nL value. The lens in figure part 
A was obtained with permission from biorender.com. 

This principle was first harnessed by Massad-Ivanir et al., who trapped bacteria within microwells with 

appropriate dimensions and detected the bacteria by measuring shifts in 2nL (increase) and intensity 

(decrease).32 These photonic silicon chips were later employed for the AST of bacteria; the PRISM assay 

monitored the behaviour of bacteria in the presence of clinically relevant antibiotics at varying 

concentrations by tracking changes in the 2nL value.28 Bacteria growth was associated with an increase in 

the 2nL, while inhibitory effects at high antibiotic concentration resulted in largely unchanged 2nL values. 

MIC values could be expeditiously determined after 2 – 3 h  as compared to 8 h by state-of-the-art methods 

and mostly agreed with reference values.28  
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4 Experimental 
This experimental section is reproduced from the research articles that constitute this thesis. 

Materials and Microorganisms 

Materials: Glutaraldehyde, calcofluor white, Roswell Park Memorial Institute medium (RPMI 1640), 

cation-adjusted Muller Hinton broth (CAMHB), propidium iodide, D-glucose, amphotericin B, 

anidulafungin, ciprofloxacin, chloramphenicol and voriconazole were supplied by Sigma-Aldrich, Israel. 

Also, ethylenediaminetetraacetic acid (EDTA) and tris(hydroxymethyl)aminomethane hydrochloride (Tris 

HCl) were obtained from Sigma-Aldrich, Israel.  

Absolute ethanol, all buffer salts (NaCl, KCl, KH2PO4, Na2HPO4) and NaOH were purchased from Merck, 

Germany. Isopropanol and acetone were supplied by Gadot, Israel. Potato dextrose agar (PDA), potato 

dextrose broth (PDB), bacto agar, yeast extract, Luria-Bertani (LB) broth and casein hydrolysate were 

purchased from Difco, USA. 3-(N-morpholino)propanesulfonic acid (MOPS) was supplied by Chem-Impex 

International, Inc., USA, and Sabouraud dextrose agar (SDA) plates were purchased from Novamed Ltd., 

Israel. Detergent Fairy Ultra Plus was obtained from Procter and Gamble (Cincinnati, USA), gentamicin 

sulfate from AppliChem GmbH, Germany, Pelikan ink 156372 (designated blue dye) from Pelikan 

Group GmbH, Germany, and paraffin oil of low viscosity from Carl Roth GmbH + Co. K.G., Germany.  

Sodium dodecyl sulfate (SDS) was supplied by Thermo Scientific, USA, Zirconia/Silica beads were 

obtained from Biospec Products, Inc., USA, and all polymerase chain reaction (PCR) reagents were 

purchased from Takara, Japan. DNA staining dye (SimplySafe™ dye) was obtained from EURx, Poland 

and the DNA gel extraction kit (AccuPrep Gel Purification Kit) from Bioneer, South Korea. VisiJet® M2S-

HT90 3D printing material and wax support material VisiJet® M2 SUP were purchased from 3D 

Systems Inc., USA. UV-curable glue (Norland Optical Adhesive 72) was obtained from Norland Products 

Inc., USA, and UV-curable lacquer (luxaprint® shellac) was purchased from DETAX GmbH, Germany.  

Microorganisms: E. coli K12 and Serratia marcescens (S. marcescens) were generously provided by 

Prof. Sima Yaron (Department of Biotechnology and Food Engineering, Technion – Israel Institute of 

Technology). C. auris DSM 21092 was obtained from the German Collection of Microorganisms and Cell 

Culture (DSMZ), Germany and Saccharomyces cerevisiae (S. cerevisiae) NCYC 1024 from the National 

Collection of Yeast Cultures, United Kingdom. A. niger was isolated from a contaminated onion and 

identified as described in the upcoming sections. 

Preparation of Solutions and Media 

All aqueous solutions and media were prepared in Milli-Q water (18.2 MΩ cm). Phosphate buffered saline 

(PBS) was composed of 137 mM NaCl, 2.7 mM KCl, 1.8 mM KH2PO4, and 10 mM Na2HPO4. RPMI 1640 
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2 % G medium (RPMI 1640 medium supplemented with 2 % D-glucose) was constituted of 10.4 g L-1 

RPMI 1640, 34.5 g L-1 MOPS and 18 g L-1 D-glucose and adjusted to pH 7.0 with 1 M NaOH. PDA was 

prepared by suspending 39 g L-1 PDA powder in water, and LB agar was made from 25 g L-1 LB broth and 

15 g L-1 bacto agar. 1 % PDA contained 10 g L-1 PDA and 15 g L-1 bacto agar, and water agar was made 

from 20 g L-1 bacto agar. Potato dextrose yeast extract casein hydrolysate medium (PDYC) was composed 

of 24 g L-1 potato dextrose broth, 2 g L-1 yeast extract and 1.2 g L-1 casein hydrolysate. CAMHB medium 

was prepared according to the manufacturer’s instructions. DNA extraction buffer was constituted of 

200 mM Tris HCl, 0.5 % SDS, 25 mM EDTA and 250 mM NaCl. All media and buffer were heat-steam 

sterilized at 121 °C for 30 min or sterile-filtered prior to use.  

Preparation of Bacterial and Yeast Cultures 

Bacterial (E. coli) and yeast (C. auris; S. cerevisiae) cultures were stored as cryo cultures at -80 °C. Prior 

to AST experiments, the cells were subcultured onto LB agar (bacteria) or PDA (yeast), and incubated at 

37 °C or 30 °C for 16 – 18 h. Colonies from these agar plates were directly used to obtain the cell 

suspensions used in BMD (~ 105 cells mL-1 for both bacteria and yeast) and (i)PRISM experiments 

(turbidity standard: McFarland 0.5 for bacteria and McFarland 2.0 for yeast). A McFarland standard of 0.5 

corresponded to ~ 108 bacteria mL-1, and a McFarland standard of 2.0 is equivalent to ~ 107 yeasts mL-1. 

Aspergillus niger  

Isolation: The fungus was isolated from a contaminated onion into 1 % PDA and incubated in darkness for 

10 days at 25 ºC. Conidia from the mature culture were re-cultured by streaking onto SDA plates 

supplemented with chloramphenicol to eliminate bacterial contamination and incubated as described above. 

For the preparation of mono-conidial cultures, conidia were re-cultured onto water agar and incubated 

overnight (18 h) at 25 ºC. Single germinating conidia were removed by micromanipulation under a light 

microscope and transferred to 1 % PDA. All tests were performed with a single mono-conidial culture 

isolate, designated HCN 18, in order to limit possible genetic variability. Species identification of isolate 

HCN 18 was carried out by sequencing the internal transcribed spacer (ITS) regions. 

Identification by ITS regions: A. niger isolate HCN 18 was grown overnight at room temperature in liquid 

PDYC medium in a petri dish without shaking. For DNA extraction, two full spatulas of the mycelium were 

transferred to a clean tube with 100 µL Zirconia/Silica beads and 500 µL DNA extraction buffer and mixed 

for one minute on a vortex mixer (Scientific Industries, Inc., USA). The sample was incubated for 30 min 

at room temperature and centrifuged for 10 min at 4 °C and 12500 rpm (Centrifuge 5417R, Eppendorf AG, 

Germany). The supernatant was transferred to a clean tube, and an equal volume of isopropanol was added. 

The sample was incubated for 20 minutes at -20 °C and afterwards centrifuged at 13000 rpm for 2 min. 
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Subsequently, the supernatant was discarded, and the resulting pellet was washed with 1 mL 70 % ethanol, 

followed by centrifugation at 13000 rpm for 2 min. The supernatant was rejected again, and the pellet was 

left for drying for around 1 h and resuspended in 50 µL of sterile water. The concentration of the genomic 

DNA was determined by using a Nanodrop One device (Thermo Scientific, USA), resulting in a 

concentration of 56.4 ng µL-1 with an A260:A280 ratio of 1.85. 

Species identification of isolate HCN 18 was carried out by sequencing the ITS1 and ITS2 internal 

transcribed spacer regions by using the primers ITS1F (5’-CTTGGTCATTTAGAGGAAGTAA-3’) and 

ITS4 (5’-TCCTCCGCTTATTGATATGC-3’). PCR amplification reaction mixtures contained 1 x PCR 

buffer, 0.2 mM premixed dNTPs, 1.25 U of Takara Taq™ Polymerase, 1 µM ITS1F and ITS4 primers and 

50 ng genomic DNA in a total volume of 25 µL. For non-template control, the PCR reaction mixture 

contained all the components mentioned above but no genomic Aspergillus DNA. PCR amplification was 

carried out in a biometra TGradient Thermocycler (Analytik Jena, Germany) using an initial denaturation 

step at 94 °C for 2 min, followed by 29 cycles at 94 °C for 30 s, 55 °C for 30 s and 72 °C for 30 s, with a 

final extension for 2 min at 72 °C. Successful amplification was confirmed after standard electrophoresis 

in a 1 % agarose gel by visualizing the PCR product under UV light by using the SimplySafe™ dye. The 

PCR fragment was extracted from the gel by using a DNA gel extraction kit and sent to Hylabs (Israel) for 

sequencing by using an ABI 3730xl DNA Analyzer (Thermo Scientific, USA). Sequence alignment was 

done using the nucleotide BLAST search algorithm BLASTn, at the NCBI website 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi). The species was identified as A. niger (NCBI Accession number: 

MK182796.1). 

Culture preparation: A. niger cultures were refreshed every two weeks onto 1 % PDA and maintained at 

4 °C until use. Prior to iPRISM experiments, the cultures were transferred onto SDA plates containing 

chloramphenicol. Because A. niger showed the fastest growth at 30 °C, the fungal cultures were 

subsequently incubated at 30 °C, and after 2 – 5 days, sufficient sporulation for AFST experiments was 

reached. Conidial density was quantified by using a hemocytometer (Neubauer improved cell counting 

chamber) and adjusted to 105 cells mL-1 for subsequent AFST experiments.  

Fabrication and Preparation of Photonic Silicon Chips 

Silicon chips with microwell gratings (3 or 4 µm well width with a depth of ~ 4 µm) were fabricated by 

standard lithography or laser writing and reactive ion etching techniques at the Micro- and Nano-

Fabrication and Printing Unit (Technion). The resulting wafers were coated with a photoresist to protect 

their microstructure while dicing the wafer into 5 x 5 mm chips using an automated dicing saw (DAD3350, 

Disco, Japan). The photonic silicon chips were washed with acetone to remove the photoresist and oxidized 

for 1 h at 800 °C in a furnace (Lindberg/Blue M 1200 °C Split-Hinge, Thermo Scientific, USA). 
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Photonic Silicon Chips Characterization 

Optical microscopy: The photonic silicon chips were examined immediately after experiments by using an 

optical light microscope (Axio Scope A1, Carl Zeiss, Germany) to identify fungal growth and ensure no 

bacterial contamination occurred. 

Scanning electron microscopy: High-resolution scanning electron microscopy (HR-SEM) was performed 

using a Zeiss Ultra Plus high-resolution scanning microscope. Before HR-SEM experiments, the samples 

were fixated using 2.5 % glutaraldehyde in PBS, washed with water, dehydrated through a dilution series 

in ethanol with increasing ethanol concentrations 10 % - 50 % - 70 % - absolute ethanol), and gently dried 

under a stream of nitrogen. Focused ion beam (FIB)-cross-sectional SEM images were obtained using a 

Dual Beam Helios NanoLab G3 instrument (FEI, USA). A platinum deposition was performed prior to 

observation.  

Confocal microscopy: Confocal laser scanning microscopy (CLSM) using an LSM 700 (Carl Zeiss, 

Germany) was performed on samples stained by Calcofluor white and a drop of 10 % potassium hydroxide; 

Excitation wavelength was 405 nm, and images were rendered by Zen software (Carl Zeiss, Germany). 

Confocal laser scanning microscopy was also performed on samples where cells were stained with 

20 μg mL-1 propidium iodide after fixation in glutaraldehyde. The photoluminescence of the photonic 

silicon chips and fluorescence emitted by the propidium iodide-stained yeast cells were detected using 

405 nm (Si photoluminescence) and 555 nm (propidium iodide) laser excitation wavelengths. 

iPRISM/ PRISM Assay in the Aluminum Flow Cell 

A custom-made aluminium chamber with seven injection and outlet channels was used to fix and separate 

the photonic silicon chips during the (i)PRISM assays. Each injection channel was connected by tubing to 

a syringe injection port and allowed for the injection of the cell suspensions. The chamber was controlled 

by a motorized linear stage (Thorlabs, Inc, USA).  The photonic chips were placed in a small square cavity 

in each channel and were separated from each other and fixed on the surface of the chamber by a rubber 

gasket. The system was further sealed before the experiments with an acrylic piece and by tightening the 

lid of the aluminium housing.  

Before each experiment, the system was sterilized with 70 % ethanol and sterile water, followed by the 

introduction of only growth medium to allow devices, temperature, and medium to equilibrate. 

Subsequently, 500 µL of the microbial suspensions were introduced into the heat controlled (30 °C or 

37 °C) channels. For A. niger, the antifungals were introduced after 15 min, while for C. auris, the cell 

suspensions were introduced together with the antifungal. The reflectance signal of the zero-order reflected 

light was continuously recorded during the experiment. 
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iPRISM/ PRISM Data Acquisition and Analysis 

A bifurcated fiber optic equipped with a 74 series collimating lens was positioned perpendicularly to the 

photonic silicon chips, illuminating them via an HL-2000 white light source, and the reflected light was 

recorded by a USB4000 CCD spectrometer (all Ocean Optics, USA). The position of the chamber was 

controlled by a motorized stage (Thorlabs, USA) and LabView (National Instruments, USA). Wavelength 

in the range from 450 – 900 nm was inverted into wavenumber (cm−1) and interpolated with a cubic spline 

before FFT frequency analysis was performed on the obtained spectra. The resulting peak after FFT was 

identified by determining the maximum peak position, where the height of the detected peak directly 

corresponds to the intensity of the reflected light and the peak position to the 2nL value (n = refractive 

index within the medium and L = depth or height of the microstructure). The intensity and 2nL values were 

plotted versus time. For AFST of A. niger, the introduction time of the antifungal is referred to as time 0. 

The per cent changes of the intensity (ΔI) were calculated as follows:  

∆I (%) =  I−I0
I0

× 100 %;  where I is the intensity at a given time, and I0 is the intensity at time 0. For C. 

auris, the per cent changes of the intensity ΔI (%) and Δ2nL (%) were calculated as follows:  

∆𝐼𝐼 (%) = 𝐼𝐼− 𝐼𝐼0 
𝐼𝐼0

× 100 % and ∆2𝑛𝑛𝑛𝑛 (%) = 2𝑛𝑛𝑛𝑛− 2𝑛𝑛𝑛𝑛0 
2𝑛𝑛𝑛𝑛0

× 100 %; where I0 and 2nL0 refer to the values of 

2nL and intensity at t = 0 min (introduction of cell suspensions together with the antifungal). For data 

analysis in AFST experiments, I0 and 2nL0 were replaced by I90 and 2nL90 (t = 90 min) as the reference time 

point because occasionally, the signals were unstable at the beginning of the assay, ascribed to the high 

number of introduced cells.   

3D Printing and Post Processing of the Gradient Generator 

The computer-aided design (CAD) model was created using SolidWorks 2020 (Dassault Systèmes 

SolidWorks Corp, Waltham, MA, USA). The model was saved as an STL file for printing purposes and as 

an SAT file for simulations. All files are provided in the supplementary information of the associated article   

(https://pubs.rsc.org/en/content/articlelanding/2022/LC/D2LC00640E). The models were printed using a 

high-resolution 3D printer (ProJet® MJP 2500 Plus, 3D Systems, USA) with an xyz resolution of 32, 28 

and 32 µm, respectively. The printed device was removed from the printing platform after incubation 

at -18 °C for 10 min. Afterwards, all pieces were placed in EasyClean units from 3D Systems (water vapour 

bath and hot paraffin oil bath at 65 °C) to remove the wax support material. The interior structures were 

flushed at least three times with hot paraffin oil using a syringe. In order to remove oil residues, the parts 

were then submerged in an ultrasonic bath (Elma Elmasonic S30, Schmidbauer GmbH, Germany) with 

water and detergent at 50 °C for at least three times. Subsequently, the device was cleaned with deionized 

water and dried at 70 °C for 1 hour. 
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Gradient Generator Simulation Studies and Experimental Characterization 

The functionality of the gradient generator design was tested by running a computational fluid dynamics 

(CFD) simulation using COMSOL® Multiphysics 5.5 (COMSOL Inc., Sweden). General simulation 

settings were chosen according to Enders et al.36 As physical properties, a density of 1 g cm-3 and a dynamic 

viscosity of 10-3 kg m-1 s-1 were selected for water. For inlet A, the concentration of a fictive substance with 

a diffusion constant of 10-9 m2 s-1 was set to 1 mol m-3, while the concentration of inlet B was defined as 

0 mol m-3. In order to simulate the performance of the designed device, the inflows at inlet A and inlet B 

were defined as 323 µL min-1 and 677.3 µL min-1, respectively. 

The source fluids – blue dye (ink; 1:30 diluted), glucose (6 g L-1), and ciprofloxacin (1 mg L-1) – were 

introduced into the device by a syringe pump into inlet A at a flow rate of 323 µL min-1, while the sink fluid 

water was introduced by a second syringe pump into inlet B at a flow rate of 677.3 µL min-1. After 5 min, 

the first fractions were collected from the six outlets, the pumps were stopped, and the solutions were 

transferred into a 96-well plate or reaction tubes. Next, the pumps were started again, and after 30 s, a 

second batch was collected. This procedure was repeated again for the collection of a third batch from every 

outlet. The dye was quantified at 600 nm (NanoDrop™ 2000 spectrophotometer, Thermo Fisher Scientific 

GmbH, Germany), the glucose concentration was measured using a Cedex BioAnalyzer (Roche Diagnostics 

Deutschland GmbH, Germany), and ciprofloxacin was quantified via a fluorescence assay (λex 272 nm, 

λem 421 nm; Varioskan Flash, Thermo Scientific, USA). For every source fluid, a different gradient 

generator device was used. The photograph of the dye-water gradient was obtained using a VHX-6000 

digital microscope (Keyence Deutschland GmbH, Germany). 

Photonic Silicon Chip Integration into the Gradient Generator 

Silicon chips with microwells (width of approx. 4 µm and depth of approx. 4 µm) were integrated into the 

3D-printed microfluidic gradient generator device as follows: The chips (diced into 5 x 5 mm) were 

individually placed into the square-shaped cavities (5.1 x 5.1 mm) of the gradient generator. UV-curable 

glue was carefully applied to the chip backside of the photonic silicon sensor and allowed to cure for 30 min 

under UV light at 365 nm with 1.5 mW cm−2 (VL-6.LC UV lamp 365/254 nm 6 W, Vilber Lourmat, France) 

to seal the system leakage-free. In order to improve the optical properties, UV-curable lacquer was applied 

into rectangular depressions on top of the 3D-printed surfaces above the integrated photonic silicon chips 

and cured for 5 min under UV light using the same conditions as for the UV-curable adhesive. 

Gradient Generator-Based PRISM Assay 

The gradient generator device with integrated photonic silicon chips was placed onto a heat-controlled 

aluminium sub-structure (37 °C) and connected via a 3D-printed adapter to a motorized linear stage 

(Thorlabs, Inc., USA) for movement control. 70 % ethanol was used to disinfect the system before growth 
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medium (CAMHB) was introduced – allowing devices, temperature, and medium to equilibrate. 

Subsequently, suspensions of E. coli (McFarland 0.5) and 1 mg L-1 ciprofloxacin (source fluid) and E. coli 

(McFarland 0.5) without antibiotic (sink fluid) were introduced for 5 min. The outlets were then closed 

(using silicone tubing and Luer adapters), and the bacteria were given 10 min to settle within the 

microstructure before the optical assay (PRISM) was initiated. The 2nL values were plotted versus time to 

monitor bacterial growth. The percent changes of 2nL were calculated as follows: 

∆2nL (%) =  2nL−2nL0
2nL0

× 100 %; where 2nL is the 2nL value at a given time, and 2nL0 corresponds to the 

2nL when the PRISM assay was started.  

Broth Microdilution 

Standard broth microdilution: BMD was performed according to the European Committee for 

Antimicrobial Susceptibility Testing (EUCAST) AFST protocols for conidia-forming moulds19 and yeast 

cells.16 For MIC determination, fungal growth was visually observed after 24 h (C. auris) and 48 h (A. 

niger) and also confirmed by absorbance measurements at 530 nm and 600 nm, respectively (Varioskan 

Flash, Thermo Scientific, USA). The MIC for A. niger was defined as the lowest antifungal concentration 

at which no growth was visible. For C. auris, the MIC was set as the lowest concentration of a drug that 

resulted in ≥ 50 % growth inhibition (anidulafungin) and ≥ 90 % growth inhibition (amphotericin B) 

compared to the untreated drug-free control. The only adjustment compared to the EUCAST protocol was 

decreasing the incubation temperature to 30 °C if not otherwise described. Gold standard BMD of bacteria 

(E. coli and S. marceszens) was performed using the protocols that are recommended by EUCAST, namely 

ISO 20776-1:2020 standard for bacteria.37  

For bacterial species, the MIC was determined visually after 18 h incubation at 37 °C supported by 

absorbance measurements at 600 nm (Varioskan Flash, Thermo Scientific, USA) and defined as the lowest 

antibiotic concentration at which no growth was visible.  

Gradient generator-enabled broth microdilution: The gradient generator was heat-steam sterilized and used 

to create the two-fold antimicrobial dilutions series, which was collected from the outlets of the device. 

Accordingly, the source fluids ciprofloxacin (1 mg L-1), gentamicin (1 mg L-1), and voriconazole 

(0.25 mg L-1) in growth medium were diluted by the sink fluid (CAMHB or RPMI 2 % G medium) to obtain 

the desired two-fold dilutions. Broth microdilution (BMD) was performed as described above for the 

following pathogen drug combinations: E. coli and gentamicin, S. marcescens and ciprofloxacin, and C. 

auris and voriconazole. 
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5 Results 
This section consists of three papers,  published in peer-reviewed journals. The papers are listed in the order 

in which they appear in this thesis: 

5.1 C. Heuer*, H. Leonard*, N. Nitzan, A. Lavy-Alperovitch, N. Massad-Ivanir, T. Scheper and E. Segal, 

Antifungal Susceptibility Testing of Aspergillus niger on Silicon Microwells by Intensity-Based 

Reflectometric Interference Spectroscopy, ACS infectious diseases, 2020, 6, 2560–2566. (*equal 

contribution) 

5.2 C. Heuer, X. Jiang, G. Ron, O. Ternyak, T. Scheper, J. Bahnemann and E. Segal, Photonic Si Microwell 

Architectures for Rapid Antifungal Susceptibility Determination of Candida auris, Chemical 

Communications, 2024. 

5.3 C. Heuer*, J.-A. Preuss*, M. Buttkewitz, T. Scheper, E. Segal and J. Bahnemann, A 3D-printed 

microfluidic gradient generator with integrated photonic silicon sensors for rapid antimicrobial 

susceptibility testing, Lab on a chip, 2022, 22, 4950–4961. (*equal contribution) 

First, the article “Antifungal Susceptibility Testing of Aspergillus niger on Silicon Microwells by Intensity-

Based Reflectometric Interference Spectroscopy” describes for the first time the application of photonic 

silicon chips for rapid AFST, where the opportunistic pathogenic mould A. niger is used as a model fungus. 

Previous work has established the use of photonic silicon chips for the AST of bacteria only.28 Fungi are 

different from bacteria in many aspects, including their morphology, size, and reproduction mechanism,  

and Aspergillus was selected as a relevant model, representing filamentous fungi. Moreover, the 

conventional gold standard AFST assay for Aspergillus is BMD, which is lengthy (48 – 72 h), and 

automated state-of-the-art AFST methods (e.g., Vitek2) are not yet available.14,19 Realizing these 

differences, we have adapted the chip structure to accommodate the large fungal conidia within the periodic 

microwells. In addition, we have established an intensity-based PRISM (iPRISM), where the amplitude of 

the white light reflectance is used rather than the EOT (2nL). Fungal growth at varying concentrations of 

clinically-relevant antifungals is detected by monitoring intensity changes in the white light reflectance 

from the photonic silicon chips allowing expeditious MIC determination within 10 – 12 h. 

Next, in the article “Photonic Si Microwell Architectures for Rapid Antifungal Susceptibility Determination 

in Candida auris”, the iPRISM assay is extended to the emerging pathogenic yeast C. auris. This yeast is 

well known for its morbidity and multi-drug resistance, with some isolates exhibiting drug resistance to all 

types of available antifungal medication (pan-resistance).38 In gold standard BMD and the automated 

Vitek2, the AFST of yeast species is only completed within 24 h and 12 – 18 h, respectively.16,20,21 In the 

extended iPRISM assay, the microwells dimensions are enlarged to fit the majority of the yeast cells in the 
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individual wells. The growth is monitored at varying antifungal concentrations by tracking intensity 

changes, and MIC values are expeditiously determined within 6 h. Moreover, this article gives the first 

incidence that photonic silicon chips can be used to differentiate yeast and bacteria by their varying growth 

patterns, as can be detected by also tracking the 2nL signal using PRISM. 

As explained in the literature survey, holistic and miniaturized A(F)ST approaches that successfully 

integrate and automate the various required steps (e.g., generation of antimicrobial dilution series, cell 

inoculum, sensing, and MIC determination) are considered vital for point-of-care susceptibility testing.14,31 

The article “A 3D-printed microfluidic gradient generator with integrated photonic silicon sensors for rapid 

antimicrobial susceptibility testing” demonstrates the use of 3D printing for the fabrication of a microfluidic 

gradient generator. This device automatically generates the desired two-fold antimicrobial dilution series 

in one step by adjusting the flow rate and channel length ratios and is first established for gold standard 

BMD of different pathogen-drug combinations. Next, the device is interfaced with photonic silicon chips 

to provide an assay for integrated and automated AST with the potential to be used as a point-of-care test. 

Using E. coli and ciprofloxacin as a model pathogen-drug combination, MIC values can be determined 

within 90 minutes compared to 8 – 24 h for bacterial species in current clinical procedures.28,39  
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5.1 Antifungal Susceptibility Testing of Aspergillus niger 
This section is reproduced from the research article “Antifungal Susceptibility Testing of Aspergillus niger 

on Silicon Microwells by Intensity-Based Reflectometric Interference Spectroscopy”, published in the peer-

reviewed journal ACS Infectious Diseases. 

“Antifungal Susceptibility Testing of Aspergillus niger on Silicon 

Microwells by Intensity-Based Reflectometric Interference 

Spectroscopy” 
 

Christopher Heuer*, Heidi Leonard*, Nadav Nitzan, Ariella Lavy-Alperovitch, Naama 

Massad-Ivanir, Thomas Scheper and Ester Segal 

(* equal contribution) 

 

ACS infectious diseases, 6, 2560–2566 (2020) 

 

Figure 5 Graphical abstract of the research article “Antifungal Susceptibility Testing of Aspergillus niger on Silicon 
Microwells by Intensity-Based Reflectometric Interference Spectroscopy”. 

The article addresses the first research aim and presents for the first time the iPRISM assay for a rapid, 

label-free and phenotypic AFST of the filamentous fungi A. niger. This fungal mould species can cause 

opportunistic infections in humans with a weak immune system and was reported as a cause of fungal 

coinfections in COVID-19 patients.40 In the presented optical iPRISM assay, photonic silicon chips 

consisting of periodic arrays of microwell diffraction gratings were developed as sensors that provide a 
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microstructured surface for A. niger colonization and an optical transducer element for sensitive fungal 

growth monitoring. The individual wells (width: ~ 3 µm, depth: ~ 4 µm) of this microstructure were 

designed to confine A. niger conidia from a suspension in growth medium within the wells. Subsequent 

germination and hyphae formation at this solid-liquid interface were optically tracked in real-time by 

detecting intensity changes in the white light reflectance from the photonic silicon chips. 

Next, fungal growth was monitored in the presence of two clinically-relevant antifungal agents with distinct 

mechanisms (voriconazole: inhibition of cell membrane biosynthesis and amphotericin B: cell membrane 

destruction) to determine the MIC values for both drugs.  The obtained MICs agreed with values published 

by EUCAST - the European society for susceptibility testing standardization - and could successfully be 

determined within 10 and 12 h, respectively. Thus, the iPRISM provides an expeditious alternative to the 

gold standard BMD, which extends to 48 h for filamentous fungi. 

In the following article, “Antifungal Susceptibility Testing of Aspergillus niger on Silicon Microwells by 

Intensity-Based Reflectometric Interference Spectroscopy”, the results are presented and discussed in detail. 
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ABSTRACT: There is a demonstrated and paramount need for rapid,
reliable infectious disease diagnostics, particularly those for invasive fungal
infections. Current clinical determinations for an appropriate antifungal
therapy can take up to 3 days using current antifungal susceptibility testing
methods, a time-to-readout that can prove detrimental for immunocompro-
mised patients and promote the spread of antifungal resistant pathogens.
Herein, we demonstrate the application of intensity-based reflectometric
interference spectroscopic measurements (termed iPRISM) on micro-
structured silicon sensors for use as a rapid, phenotypic antifungal
susceptibility test. This diagnostic platform optically tracks morphological
changes of fungi corresponding to conidia growth and hyphal colonization at
a solid−liquid interface in real time. Using Aspergillus niger as a model fungal
pathogen, we can determine the minimal inhibitory concentration of clinically
relevant antifungals within 12 h. This assay allows for expedited detection of
fungal growth and provides a label-free alternative to broth microdilution and agar diffusion methods, with the potential to be used
for point-of-care diagnostics.

KEYWORDS: Aspergillus niger, antifungal susceptibility testing, fungal resistance, sensor, optical sensor

Pathogenic fungi are a rising cause of disease and pose a
threat to immunocompromised individuals.1 Particularly,

Candida species, pathogenic Aspergilli, and Cryptococci account
for invasive fungal infections in humans,2,3 resulting in ∼1.4
million deaths (annually) ascribed to fungal infection.4 Because
of acquired antimicrobial resistance, species identification
alone is not sufficient to target efficient therapy for fungal
infections.5 Thus, antifungal susceptibility testing (AFST) is
critical to direct the proper choice of treatment in a timely
manner.6,7 Classical AFST methods include broth micro-
dilution (BMD) testing, the suggested reference method (by
the Clinical & Laboratory Standards Institute − CLSI or the
European Committee on Antimicrobial Susceptibility Testing
− EUCAST), as well as agar diffusion methods, such as the
Etest (bioMeŕieux SA). These methods are labor-intensive and
time-consuming (up to 72 h),6,8 and automated tests (e.g.,
Vitek2, bioMeŕiuex SA) are only available for a limited
spectrum of microorganisms.9 Thus, accelerating AFST is of
great importance to improve the clinical outcome of antifungal
therapy and abate the emergence of antifungal resistance.1

New approaches for molecular identification of fungal
pathogens and rapid AFST include mass spectrometry
(MS)10 and nucleic acid-based diagnostics.6 However, high
equipment acquisition costs as well as insufficient validation

and multiplexing ability limit the use of MS for AFST.10 For
genomic AFST, the main disadvantage is its inability to reveal
the phenotypical behavior of a pathogen.11 Therefore, research
efforts are directed toward developing novel phenotypic AFST
methods such as flow cytometry,12 colorimetric redox
indicators,13 and isothermal microcalorimetry.14 Furthermore,
microfluidic systems have recently been applied to study fungal
growth and assess the activity of antimicrobials.15,16 However,
some of these new techniques rely on sophisticated and
expensive equipment, have a limited microorganism spectrum,
or do not effectively accelerate the determination of the
minimum inhibitory concentration (MIC) values.
Previously, phase-shift reflectometric interference spectro-

scopic measurements (PRISM) were demonstrated to monitor
antibiotic susceptibility and the behavior of bacteria, colonizing
within silicon microstructured arrays.17,18 In this work, we
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demonstrate an easy-to-perform platform that allows the
growth of Aspergillus niger (A. niger) to be tracked in real
time. Due to the different behavior and morphology of
filamentous fungi compared to bacteria, herein, we apply
intensity-based PRISM, referred to as iPRISM, as a tool for
rapid and label-free, phenotypic AFST using the fungal species
A. niger as a model microorganism.

■ RESULTS AND DISCUSSION

iPRISM relies on the capture of fungal conidia within silicon
microwells and the subsequent monitoring of fungal growth in
real time by intensity-based reflectometric interference
spectroscopic measurements, as depicted in Figure 1. Assays
are performed in a series of temperature-controlled micro-
fluidic channels, each containing an injection port and a waste
outlet. Photonic silicon chips consisting of diffraction gratings,
specifically periodic arrays of microwells with a width of ∼3
μm and depth of ∼4 μm (see scanning electron micrograph in
Figure 1A-i), are individually fixed in the center of the flow
channels and illuminated by a white light source positioned
normal to the photonic silicon chip (Figure 1A). The resulting
reflectance spectrum of the zero-order diffraction exhibits
interference fringes (Figure 1B), as the incident light is
partially reflected by the top and the bottom of the
microwells.17 The application of frequency analysis results in
a single peak where the peak position corresponds to 2nL (n
represents the refractive index of the medium within the arrays,
and L represents the height of the microstructures; see Figure
S1) and the peak amplitude or intensity (I) corresponds to the
intensity of the reflected light (Figure 1D-i,ii). The antifungal

agent is introduced, and fungal growth is monitored in real
time by tracking the intensity changes (ΔI) during AFST
experiments.
iPRISM is performed in two steps: Initially, Aspergillus

conidia suspensions at a designated concentration are
introduced into the microfluidic channels and allowed to
incubate on the silicon microtopologies for 15 min (Figure
1A). Subsequently, the antifungal (at varying concentrations)
is introduced into the channels, and the fungal response is
optically monitored by iPRISM. If the conidia germinate and
hyphal growth occurs on top of the microwells (see Figure 1C-
ii), the intensity of the reflected light decreases over time
(Figure 1D-ii), while inhibition of growth and cell death (see
Figure 1C-i) result in unchanged intensity values (Figure 1D-
i).
A. niger suspensions (105 conidia mL−1) were introduced

into the channels, and growth was monitored by iPRISM. The
latter concentration corresponds to the suggested seeding
concentration by EUCAST protocols for AFST of conidia-
forming molds, including Aspergillus species.8 Figure 2A
presents an iPRISM curve, where the values of ΔI (%) are
tracked in real time, depicting a continuous decrease in
intensity over a time scale of 15 h, while for the reference
channel (containing just growth medium), the signal is
unchanged (see also Figure S2A, in which averaged iPRISM
results and the corresponding standard deviation values are
presented). The decrease in the signal is ascribed to
germination and hyphal growth, which were verified by
confocal laser scanning microscopy (CLSM) of A. niger stained
with Calcofluor White after 15 min, 4, 5, 6, and 15 h of on-chip
incubation at 30 °C (Figure 2A-i−v). Germination is visible

Figure 1. iPRISM AFST concept: Schematic representation of optical monitoring of A. niger growth and responses to antifungals by iPRISM. (A)
Photonic silicon chips of microwell arrays entrap Aspergillus conidia from a conidia suspension while illuminated with a white light source. (A-i)
Representative cross-sectioned HR-SEM of the photonic chip (scale bar represents 5 μm). (B) The resulting reflectance spectra are recorded and
analyzed in real time, allowing for label-free monitoring of fungal growth and responses to antifungals. (C) After allowing the conidia to settle
within the silicon microwells, antifungals are introduced (C-i), resulting in growth inhibition at concentrations above the MIC or (C-ii) unimpeded
growth at subinhibitory antifungal concentrations. (D-i) After applying frequency analysis, growth inhibition corresponds to unchanged intensity
values, while (D-ii) fungal growth on top of the microwells results in a reduction of the intensity of the reflected light.
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after around 5 h (Figure 2A-iii), and further growth
corresponds to a distinct reduction in signal intensity after 6
h (Figure 2A-iv) and 15 h (Figure 2A-v). Germination is a
process required for vegetative growth of hyphae in which the
extension of the cytoplasm and the disintegration of the outer
conidial wall allows the nascent germ tube to emerge.19 In
previous works, it was reported that distinct germ tube
formation of A. niger conidia was visible after 6 h, which is in
good agreement to our findings.20

The confocal images of the photonic silicon chips during the
first 4 h of incubation show that the conidia swell. The latter is
an essential step, prior to germination, where the conidia
uptake liquid and their size increases.19 To verify this behavior
and rule out staining procedure artifacts, the chips were studied
by high resolution scanning electron microscopy (HR-SEM).
Figure 2B-i shows that, in the beginning of the assay, most of
the conidia, which are spherical with a typical diameter of ∼3
μm, are entrapped within the microwells. The proportion of
conidia seeded per well is typically between 2 and 5 conidia per
100 microwells at a seeding concentration of 105 conidia mL−1

(see a representative HR-SEM image in Figure S3). Over time,
the confined conidia swell and break out from the microwells,
as depicted in Figure 2B-ii, and after 15 h, the hyphae grow on

top of the microwells and cover the chip (Figure 2B-iii). The
latter further supports the observed significant decrease in
intensity with time.
iPRISM at a lower initial conidia concentration of 104

conidia mL−1, which may be of potential clinical relevancy,
results in unchanged intensity as depicted in Figure S2A.
Optical microscopy studies reveal that the conidia germinate
and form few germ tubes on the chip (Figure S2B). Yet, the
iPRISM assay is not sensitive enough to detect these local
morphological changes. It should be noted that there are
microfluidic methods that allow for more sensitive detection of
germination and fungal growth; however, these techniques
require sophisticated single-cell microscopy, or the use of
fluorescent labeling.21 Higher conidia concentrations, such as
106 conidia mL−1, are found to cause unstable intensity values
immediately after introduction (Figure S2A). This effect is
ascribed to the high number of cells that are settling onto the
silicon surface. Furthermore, the germination at 106 conidia
mL−1 is clearly inhibited (Figure S2B), likely due to the
presence of a self-inhibitor. The latter was shown by Barrios-
Gonzalez et al.22 to decrease the germination rate of A. niger at
concentrations above 106 conidia mL−1. Moreover, the overall
observed intensity decrease for 106 cells mL−1 is less

Figure 2. iPRISM of A. niger, at a concentration of 105 conidia mL−1, on photonic silicon chips. (A) Real-time iPRISM curve, where ΔI values were
recorded over a time period of 15 h with corresponding false-colored CLSM images following Calcofluor White staining after (A-i) 15 min, (A-ii) 4
h, (A-iii) 5 h, (A-iv) 6 h, and (A-v) 15 h of incubation. Note that Figure S2 provides averaged iPRISM results, including standard deviation values,
for a concentration of 105 conidia mL−1. (B) Corresponding HR-SEM images: (i) The A. niger conidia are entrapped inside the microtopologies at t
= 15 min. (ii) The conidia swell and break out from the microwells at t = 4 h. (iii) A. niger spreading over the chip surface after 15 h of incubation.
Fungi are false-colored green for clarity.
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pronounced in comparison to 105 cells mL−1 (slope values of
−0.82 ΔI (%) h−1 vs −0.18 ΔI (%) h−1, respectively).
Therefore, we have adhered to the EUCAST protocol, and all
subsequent experiments were performed with conidial seeding
concentrations of 105 conidia mL−1.
For the determination of MIC values by iPRISM, A. niger

conidia were exposed to various concentrations of the clinically
relevant antifungals: voriconazole and amphotericin B (Figure
3). Voriconazole is the recommended antimicrobial agent for
the treatment of invasive aspergillosis,23 and it inhibits the
biosynthesis of the fungal cell membrane component
ergosterol.24 Amphotericin B is used as a second-line
treatment, and the drug interacts with ergosterol in the cell
membrane, resulting in cell death.25 Figure 3 presents iPRISM
curves for A. niger upon exposure to varying concentrations of
voriconazole (Figure 3A) and amphotericin B (Figure 3B). For
both drugs, increased concentrations result in moderate
intensity changes in comparison to the untreated fungi. For
example, when using 1 mg L−1 voriconazole, the intensity
remains constant throughout the experiment, whereas a
characteristic decrease of ∼6% is detected in the absence of
the drug. This behavior is ascribed to complete growth
inhibition of the fungi in the presence of increasing
concentrations of the antifungal agent. Indeed, optical
microscopy images (Figure 3C) reveal that, at a voriconazole
concentration of 1 mg L−1, no germination is observed, while
at lower drug concentrations, some germination occurs, and
few germ tubes are visible on the surface of the chip. A similar

behavior is observed upon exposure to amphotericin B, and at
a concentration of 1 mg L−1, only minor germination is
observed after 15 h (Figure 3D).
In standard methods for AFST, such as BMD or E-test, the

MIC is defined as the lowest concentration of a drug that
inhibits the visible growth of a microorganism.8 In the iPRISM
assay, we suggest designating the MIC as the lowest
concentration of an antifungal agent at which no reduction
of the intensity value ΔI (%) occurs, while at subinhibitory
concentrations, a decline of intensity should be visible to some
extent. As such, the iPRISM MIC values were determined to
be 0.5 and 1 mg L−1 for voriconazole and amphotericin B,
respectively. Figure S4 presents averaged iPRISM curves and
the respective standard deviations of triplicate experiments
using different chips. The statistical analysis of these results
demonstrates that MIC values for amphotericin B and
voriconazole can be determined within 10 and 12 h,
respectively. Note that the obtained Zprime score values are
negative (Table S1), indicating a low signal-to-noise ratio. This
may emphasize the general challenge to define a specific MIC
value for a drug−strain combination due to possible inter- and
intralaboratory variation in antimicrobial susceptibility testing
(AST).26 This variation is also recognized by EUCAST quality
control documents stating that repeated testing of quality
control strains should yield individual MIC values randomly
distributed within the recommended ranges.27 Thus, the
iPRISM method significantly accelerates the MIC determi-
nation in comparison to the gold-standard microbiological

Figure 3. A. niger iPRISM AFST. iPRISM curves, displaying ΔI (%) over time, upon exposure to varying concentrations of the antifungal drugs:
(A) voriconazole and (B) amphotericin B. Corresponding optical microscope images of photonic silicon chips after 15 h, revealing the behavior of
the fungi upon exposure to different concentrations of (C) voriconazole and (D) amphotericin B. Scale bar represents 50 μm.
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technique BMD, in which the MIC is determined only after 48
h.8

The iPRISM MIC values for the two antifungal drugs are
compared to MIC values determined by the BMD testing,
which is standardized by both EUCAST and CLSI (Table 1).

The iPRISM and BMD MIC values for voriconazole are the
same, while for amphotericin B, the iPRISM MIC is higher
than the BMD value. Yet, the iPRISM MIC values for both
voriconazole and amphotericin B comply with the EUCAST
MIC distribution for these antifungals.28,29 It should be kept in
mind that differences in MIC values between methods are
common in both AFST and AST.7 We have previously shown
that MIC values of E. coli grown on silicon gratings are slightly
higher in comparison to values determined by BMD.18 The
main reason for these discrepancies is likely due to the different
growth environments provided for the fungi, where the BMD
analyzes fungal growth in a liquid medium and the iPRISM
detects changes occurring on the surface of the silicon grating.
Thus, it is possible that the microtopologies provide a surface
with which the A. niger can interact.
A proof-of-concept for a rapid and label-free assay for

phenotypic AFST testing of filamentous fungi is demonstrated.
The fungi are colonized on a microstructured photonic chip,
which also serves as the optical transducer element. Fungal
growth is monitored in real time by detecting changes in the
reflectivity spectra collected from the photonic silicon chip and
are correlated to characteristic morphology changes of the
fungi. This approach is employed to study the behavior of
A. niger upon exposure to clinically relevant antifungals,
specifically voriconazole and amphotericin B. Using the
iPRISM assay, distinct differentiation between growth and no
growth and determination of MIC values can be achieved
within <12 h for A. niger. Thus, iPRISM is significantly faster
than classical methods used for filamentous fungi. Further-
more, the MIC values determined by iPRISM are in agreement
with standardized BMD results for A. niger. Nevertheless, it
should be noted that MIC determination for slower-growing
strains may take longer compared to the model species in this
work. Also, the agreement of MIC values for other fungi−drug
combinations to reference methods should be validated in the
future.
While this platform was demonstrated for A. niger, iPRISM

can potentially be used as a tool for monitoring other
microorganisms, such as Candida and Cryptococcus species due
to its simple principle of detection. Thus, current and future
research in our group focus on demonstrating iPRISM
applicability for AFST of yeast, owing to their different
morphology compared to Aspergillus species.

■ METHODS
Materials. Glutaraldehyde, Calcofluor White, Roswell Park

Memorial Institute medium (RPMI 1640), D-glucose,
amphotericin B, and voriconazole were supplied by Sigma-
Aldrich, Israel. Absolute ethanol, dimethyl sulfoxide (DMSO),

and all buffer salts were purchased from Merck, Germany.
Isopropanol and acetone were supplied by Gadot, Israel.
Potato Dextrose Agar (PDA), Potato Dextrose Broth (PDB),
Bacto agar, yeast extract, and casein hydrolysate were
purchased from Difco, USA. 3-(N -Morpholino)-
propanesulfonic acid (MOPS) was supplied by Chem-Impex
International, Inc., USA. Sabouraud Dextrose Agar (SDA)
plates were purchased from Novamed Ltd., Israel.

Preparation of Solutions and Media. All aqueous
solutions and media were prepared in Milli-Q water (18.2
MΩ cm). Phosphate buffered saline (PBS) was composed of
137 mM NaCl, 2.7 mM KCl, 1.8 mM KH2PO4, and 10 mM
Na2HPO4. RPMI 1640 2% G medium (RPMI 1640 medium
supplemented with 2% D-glucose; referred to as growth
medium) comprised 10.4 g L−1 RPMI 1640, 34.5 g L−1

MOPS, and 18 g L−1 glucose. 1% PDA contained 10 g L−1

PDA and 15 g L−1 Bacto agar; water agar contained 20 g L−1

Bacto agar. All media and buffer were autoclaved or sterile
filtered prior to use.

Aspergillus niger Isolate. The fungi were isolated from a
contaminated onion into 1% PDA and incubated in darkness
for 10 days at 25 °C. Conidia from the mature culture were
recultured by streaking onto SDA plates supplemented with
chloramphenicol to eliminate bacterial contamination and
incubated as described above. For preparation of monoconidial
cultures, conidia were recultured onto water agar and
incubated overnight (18 h) at 25 °C. Single germinating
conidia were removed by micromanipulation under a light
microscope and transferred to 1% PDA. All tests were
performed with a single monoconidial culture isolate,
designated HCN 18, in order to limit possible genetic
variability. Species identification of isolate HCN 18 was
carried out by sequencing the internal transcribed spacer
regions (ITS1 and ITS2; see the Supporting Information for
the sequence (Table S2) and protocol), and the isolate was
identified as A. niger.

Preparation of Fungal Cultures. Fungal cultures were
refreshed every 2 weeks onto 1% PDA and maintained at 4 °C
until used. Prior to iPRISM experiments, the cultures were
transferred onto SDA plates containing chloramphenicol.
Because A. niger showed the fastest growth at 30 °C, the
fungal cultures were subsequently incubated at 30 °C, and after
2−5 days, sufficient sporulation for AFST experiments was
reached. Conidial density was quantified by using a
hemocytometer (Neubauer improved cell counting chamber).

Fabrication and Preparation of Photonic Silicon
Chips. Silicon chips with microwell gratings were fabricated
by standard lithography and reactive ion etching techniques at
the Micro- and Nano-Fabrication and Printing Unit
(Technion). The resulting wafers were coated with photoresist
to protect their microstructure while dicing the wafer into 5 ×
5 mm chips using an automated dicing saw (DAD3350, Disco,
Japan). The photonic silicon chips were washed with acetone
to remove the photoresist and oxidized for 1 h at 800 °C in a
furnace (Lindberg/Blue M 1200 °C Split-Hinge, Thermo
Scientific, USA).

iPRISM Assay. A custom-made, aluminum chamber with
seven injection and outlet channels was used to fix and
separate the photonic silicon chips during the iPRISM assays.
Each injection channel was connected by tubing to a syringe
injection port, and the injection of the conidia suspensions was
allowed. The chamber was controlled by a motorized linear
stage (Thorlabs, Inc., USA). The photonic chips were placed

Table 1. Comparison of MIC Values as Determined by
iPRISM and BMD for Voriconazole and Amphotericin B

iPRISM BMD

antifungal agent MIC (mg L−1) time (h) MIC (mg L−1) time (h)

voriconazole 0.5 12 0.5 48
amphotericin B 1 10 0.25 48
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in a small square cavity in each channel and were separated
from each other and fixed on the surface of the chamber by a
rubber gasket. The system was further sealed before the
experiments by an acrylic piece and by tightening the lid of the
aluminum housing. Before each experiment, the system was
sterilized with 70% ethanol and sterile water followed by
introduction of only growth medium to allow devices,
temperature, and medium to equilibrate. Subsequently, 500
μL of the conidia suspension was introduced, and after 15 min,
the antifungals were introduced, while the reflectance signal
was continuously recorded during the experiment.
Data Acquisition and Analysis. A bifurcated fiber optic

(Ocean Optics, USA) equipped with a collimating lens was
positioned normal to the photonic silicon chips, illuminating
them via a white light source. The reflected light was recorded
by a USB4000 CCD spectrometer (Ocean Optics, USA). The
position of the chamber was controlled by a motorized stage
(Thorlabs, USA) and LabView (National Instruments, USA).
Frequency analysis was performed on acquired spectra in the
range between 450 and 900 nm. The resulting peak after fast
Fourier transform (FFT) was identified by determining the
maximum peak position, where the height of the detected peak
directly corresponds to the intensity of the reflected light. The
intensity values were plotted versus time. For AFST, the
introduction time of the antifungal is referred to as time 0. The
percent changes of the intensity (ΔI) were calculated as

follows: I (%) 100%I I
I

0

0
Δ = ×−

, where I is the intensity at a

given time and I0 is the intensity at time 0.
Characterization of Photonic Silicon Chips. The chips

were examined immediately after experiments by using an
optical light microscope (Axio Scope A1, Carl Zeiss, Germany)
to identify fungal growth and ensure no bacterial contami-
nation occurred.
High-resolution scanning electron microscopy (HR-SEM)

was performed using a Zeiss Ultra Plus high-resolution
scanning microscope. Samples were fixated using 2.5%
glutaraldehyde in PBS, washed with water, and dehydrated
through a dilution series in ethanol with increasing
concentration from 10% to absolute ethanol.
Focused ion beam (FIB)-cross-sectional SEM images were

obtained using a Dual Beam Helios NanoLab G3 instrument
(FEI, USA). Platinum deposition was performed prior to
observation.
Confocal laser scanning microscopy (CLSM; LSM 700, Carl

Zeiss, Germany) was performed on samples stained by
Calcofluor White and a drop of 10% potassium hydroxide;
the excitation wavelength was 405 nm, and images were
rendered by Zen software (Carl Zeiss, Germany).
Broth Microdilution. BMD was performed according to

the EUCAST AFST protocol for conidia forming molds.8

Fungal growth was visually observed after 48 h and also
confirmed by optical density measurements (600 nm, n = 5,
Varioskan Flash, Thermo Scientific, USA). The only adjust-
ment we made to the EUCAST protocol was decreasing the
incubation temperature to 30 °C.
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Figure S1. Microstructure and reflectance from a photonic silicon chip. Schematic illustration of 
the photonic gratings and a characteristic cross-sectional SEM image (inset). The grating is 
composed of silicon and the filling medium is typically a conidia suspension with a refractive 
index of n (conidia are not shown in this drawing). L represents the height of the microtopology 
and d is its width. Incident light hits both the bottom of the matrix (blue rays) and the top of the 
structures (red rays). The optical path difference (OPD) is the product of 2L and the refractive 
index of the filling medium. 
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Figure S2. The proportion of conidia seeded per well. A representative high-resolution scanning 
electron microscopy image with six conidia (false-colored for clarity) confined within a total of 
150 microwells. A typical proportion of conidia seeded per well is 2-5 conidia per 100 microwells. 
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Figure S3. iPRISM for monitoring the growth of Aspergillus niger at different initial conidia 
concentrations. (A) ΔI (%) over time for conidial seeding suspensions of 0, 104, 105 and 106 
conidia mL-1; Average and standard deviation for triplicates (n =3) were calculated every 50 min. 
(B) Optical microscope images of Aspergillus niger fixed after 15 h of incubation with conidial 
seeding suspensions of 0, 104, 105 and 106 conidia mL-1. Black scale bar represents 50 µm.  
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Figure S4. Comparison of the MIC and the highest subinhibitory concentration of voriconazole 
and amphotericin B against Aspergillus niger in triplicate (n =3). (A) Comparison of the MIC (0.5 
mg L-1) and highest subinhibitory concentration (0.25 mg L-1) of voriconazole against Aspergillus 
niger according to Figure 3A. (B) Comparison of MIC (1 mg L-1) and highest subinhibitory 
concentration (0.5 mg L-1) of amphotericin B against Aspergillus niger according to Figure 3B. T-
tests were performed for both drugs after 8,10 and12 h of incubation and in the end of the assay 
(~15 h), showing that the intensity signal for the MIC and the highest subinhibitory concentration 
are significantly different (p < 0.05) for voriconazole and amphotericin B after 12 and 10 h, 
respectively. 
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The ZPrime Score (Z’), based on Zhang et al.1, is calculated using the following equation:  

Z′ = 1 −  
3 ∗ (σ MIC + σsub MIC)

|μMIC − μsub MIC|  

σMIC and σsub MIC are the standard deviations of the MIC and the first subinhibitory concentration. 

μMIC and μsub MIC represent the mean (n = 3) of the MIC and the first subinhibitory concentration. 

The calculated values for voriconazole and amphotericin B are presented in Table S1 using the 

data in Figure S4. 

 

Table S1. ZPrime Score after 10 h, 12h and in the end of the assay (~15 h) for voriconazole and 
amphotericin B. 

Time (h) ZPrime Score voriconazole ZPrime Score amphotericin B 

10  -3.45 -1.4 

12  -0.89 -0.99 

15  -0.52 -1.37 
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Table S2. Sequencing result for the forward primer ITSF1. 

DNA sequence 

5’ - 

TTCCGTAGGTGAACCTGCGGNGGATCATTACCGAGTGCGGGTCCTTTGGGCCCAACCTCCC

ATCCGTG 

TCTATTGTACCCTGTTGCTTCGGCGGGCCCGCCGCTTGTCGGCCGCCGGGGGGGCGCCTCT

GCCCCCCGGGCCCGTGCCC 

GCCGGAGACCCCAACACGAACACTGTCTGAAAGCGTGCAGTCTGAGTTGATTGAATGCAA

TCAGTTAAAACTTTCAACAA 

TGGATCTCTTGGTTCCGGCATCGATGAAGAACGCAGCGAAATGCGATAACTAATGTGAAT

TGCAGAATTCAGTGAATCAT 

CGAGTCTTTGAACGCACATTGCGCCCCCTGGTATTCCGGGGGGCATGCCTGTCCGAGCGTC

ATTGCTGCCCTCAAGCCCG 

GCTTGTGTGTTGGGTCGCCGTCCCCCTCTCCGGGGGGACGGGCCCGAAAGGCAGCGGCGG

CACCGCGTCCGATCCTCGAG 

CGTATGGGGCTTTGTCACATGCTCTGTAGGATTGGCCGGCGCCTGCCGACGTTTTCCAACC

ATTCTTTCCAGGTTGACCT 

CGGATCAGGTAGGGATACCCGCTGAACTTAAGCATATCAATAAGCGGGAGGAA - 3' 

 

Protocol for species identification by Internal transcribed spacer (ITS) regions: 

DNA extraction. Aspergillus niger isolate HCN 18 was grown overnight at room temperature in 

liquid potato dextrose yeast extract casein hydrolysate medium (PDYC, 24 g L-1 potato dextrose 

broth, 2 g L-1 yeast extract and 1.2 g L-1 casein hydrolysate, all Difco, USA) in a petri dish without 
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shaking. For DNA extraction two full spatulas of the mycelium were transferred to a clean tube 

with 100 µL Zirconia/Silica beads (Biospec Products, Inc., USA) and 500 µL DNA extraction 

buffer (200 mM tris(hydroxymethyl)aminomethane hydrochloride (Tris HCl, Sigma Aldrich, 

Israel), 0,5 % sodium dodecyl sulfate (SDS, Thermo Scientific, USA), 25 mM 

ethylenediaminetetraacetic acid (EDTA, Sigma Aldrich, Israel), 250 mM NaCl (Merck, Germany) 

and mixed for one minute on a vortex mixer (Scientific Industries, Inc., USA). The sample was 

incubated for 30 min at room temperature and centrifuged for 10 min at 4 °C and 12500 rpm 

(Centrifuge 5417R, Eppendorf AG, Germany). The supernatant was transferred to a clean tube, 

and an equal volume of isopropanol was added. The sample was incubated for 20 minutes at -20 

°C and afterward centrifuged at 13000 rpm for 2 min. Subsequently, the supernatant was discarded, 

and the resulting pellet was washed with 1 mL 70 % ethanol followed by centrifugation at 13000 

rpm for 2 min. The supernatant was rejected again, and the pellet was left for drying for around 1 

h and resuspended in 50 µL of sterile double distilled water. The concentration of the genomic 

DNA was determined by using a Nanodrop one (Thermo Scientific, USA) resulting in a 

concentration of 56.4 ng/µL with an A260:A280 ratio of 1.85.  

PCR Amplification of ITS. Species identification of isolate HCN 18 was carried out by 

sequencing the ITS1 and ITS2 internal transcribed spacer regions by using the primers ITS1F (5’-

CTTGGTCATTTAGAGGAAGTAA-3’) and ITS4 (5’-TCCTCCGCTTATTGATATGC-3’).2 

PCR amplification reaction mixtures contained 1 x PCR buffer, 0.2 mM premixed dNTP’s, 1.25 

U of Takara Taq™ Polymerase (all Takara, Japan), 1 µM ITS1F and ITS4 primers and 50 ng 

genomic DNA in a total volume of 25 µL. For non-template control the PCR reaction mixture 

contained all the components as mentioned above but no genomic Aspergillus DNA. PCR 

amplification was carried out in a biometra TGradient Thermocycler (Analytik Jena, Germany) 
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using an initial denaturation step at 94 °C for 2 min, followed by 29 cycles at 94 °C for 30 s, 55 °C 

for 30 s and 72 °C for 30 s, with a final extension for 2 min at 72 °C. Successful amplification was 

confirmed after standard electrophoresis in a 1 % agarose gel by visualizing the PCR product under 

UV light by using the SimplySafe™ dye (EURx, Poland). The PCR fragment was extracted from 

the gel by using a DNA gel extraction kit (AccuPrep Gel Purification Kit, Bioneer, South Korea) 

and sent to Hylabs (Israel) for sequencing by using an ABI 3730xl DNA Analyzer (Thermo 

Scientific, USA). Sequence alignment was done using the nucleotide-nucleotide BLAST search 

algorithm BLASTn, at the NCBI website (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The species 

was identified as Aspergillus niger (NCBI Accession number: MK182796.1). 
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5.2 Photonic Si Microwell Architectures for Rapid Antifungal Susceptibility 

Determination of Candida auris  
This section is reproduced from the research article “Photonic Si Microwell Architectures for Rapid 

Antifungal Susceptibility Determination of Candida auris”, published in the peer-reviewed journal 

Chemical Communications. 

“Photonic Si Microwell Architectures for Rapid Antifungal 

Susceptibility Determination of Candida auris” 
 

Christopher Heuer, Xin Jiang, Gali Ron, Orna Ternyak, Thomas Scheper, Janina 

Bahnemann and Ester Segal 

 

Chemical Communications (2024) 

 

Figure 6 Graphical abstract of the research article “Photonic Si Microwell Architectures for Rapid Antifungal 
Susceptibility Determination in Candida auris”. 

The article addresses the second research aim and explains how the iPRISM assay is extended and employed 

for a rapid AFST of the emerging yeast pathogen C. auris. This fungal species is recognized for its 

morbidity and mortality in hospitalized patients and is considered an urgent global threat to healthcare 

settings as clinical isolates of this species frequently develop antifungal resistance.13,38,41,42 

In this work, the microwell structure has been rationally designed and enlarged (width: ~ 4 µm, 

depth: ~ 4 µm) as compared to the previous study to allow confinement of the C. auris cells within the 
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microstructure. For iPRISM-based AFST, the yeast cells were exposed to varying concentrations of two 

clinically-relevant antifungals (anidulafungin: inhibition of cell wall synthesis and amphotericin B: cell 

membrane damage), and growth was monitored by detecting intensity changes. MIC determination was 

feasible within 3.5 and 6 h for anidulafungin and amphotericin B, respectively, and thus, iPRISM 

accelerates the AFST by >18 h as compared to the standard BMD, which typically requires 24 h. 

Besides observing intensity changes, a second parameter – namely the 2nL (n = refractive index of a 

medium within the microstructure; L = height of the microstructure) was tracked by PRISM. Strong fungal 

growth where the yeast cells formed dense aggregates on top of the microstructure caused a decrease in this 

parameter, different from previous studies dealing with bacterial species where their colonization within 

the microwells typically leads to a 2nL increase. These findings emphasize that photonic silicon chips can 

potentially be used to identify or differentiate between microorganisms by their distinct growth behaviours, 

which can be correlated to characteristic 2nL changes. Such a feature could be beneficial for the current 

clinical AST/AFST workflow, where species identification is a prerequisite that precedes susceptibility 

testing. 

In the following article, “Photonic Si Microwell Architectures for Rapid Antifungal Susceptibility 

Determination in Candida auris”, the results are presented and discussed in detail. 
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Photonic Si microwell architectures for rapid
antifungal susceptibility determination of
Candida auris†

Christopher Heuer, abc Xin Jiang, a Gali Ron,a Orna Ternyak,d

Thomas Scheper,b Janina Bahnemann c and Ester Segal *a

We present the application of a photonic silicon chip-based optical

sensor system for expeditious and phenotypic antifungal susceptibility

testing. This label-free diagnostic assay optically monitors the growth

of Candida auris at varying antifungal concentrations on a microwell-

structured silicon chip in real-time, and antifungal susceptibility is

detected within 6 h, four times faster than in the current gold standard

method.

In recent years, multidrug-resistant fungal pathogens have
emerged as a global health threat, with high mortality rates
resulting in over 1.6 million deaths annually.1,2 The severity of
this situation is underscored by the World Health Organiza-
tion’s first-ever fungal priority pathogens list published in 2022,
aiming to guide public health strategies against pathogenic
fungi.3 The excessive use of antifungals, together with climate
change, accelerates the emergence and evolution of resistant
fungal pathogens.4,5 The spread of fungal infections in the last
three years is mainly ascribed to the increasing number of
immunocompromised and vulnerable patients,3 which is clo-
sely linked to the COVID-19 pandemic.6 The yeast Candida auris
(C. auris), well known for its pathogenicity and associated
morbidity, is now classified as an urgent threat by the United
States Centers for Disease Control and Prevention.7 C. auris is
not only difficult to eradicate from clinical settings but is often
multidrug-resistant, with some isolates being recognized as
pan-resistant (resistant to antifungals of all drug classes).3,8

Thus, there is a paramount need for diagnostic methods that can
expeditiously determine the correct antifungal prescription,

improving therapy outcomes and minimizing the spread of re-
sistance.9 Specifically, antifungal susceptibility testing (AFST), in
which pathogenic fungi are exposed to varying antifungals at
increasing concentrations, and the minimum inhibitory concen-
tration (MIC) is determined, can help physicians to guide treatment
decisions.10 However, current AFST methods, like agar-based tests
or the gold standard broth microdilution (BMD), are lengthy and
require 424 h.10 Also, commercially available state-of-the-art auto-
mated methods such as the Vitek2 (bioMérieux) typically provide
results only within 12–18 h,11,12 a limited set of antifungals
is available, and MIC values have not always been accurately
determined.13 Thus, there is an urgent clinical need for rapid
and reliable novel AFST methods for Candida species.

Herein, we present the use of a photonic silicon chip with
microwell diffraction gratings that serves as a sensitive sensor for
label-free fungal growth monitoring by detecting changes in white
light reflectance. Such silicon-based materials are characterized by
their biocompatibility and have beenwidely employed for diagnostic,
therapeutic and biosensing applications.14–16 Specifically, we have
previously shown that photonic silicon chips, with different dimen-
sions and microtopologies,17 can be used for rapid susceptibility
testing of the bacterial species Escherichia coli (E. coli) within
90 minutes18–20 and the mould Aspergillus niger (A. niger) within
10–12 h21 using phase-shift reflectometric interference spectroscopic
measurements (PRISM) and intensity-based PRISM (iPRISM) tests.
In these optical assays, the photonic silicon chips are individually
fixated into heat-controlled microfluidic channels, and suspensions
of yeast cells in growth medium are introduced into these channels
(see Fig. 1A). The chips consist of arrays of microwells (width:
B4 mm and depth: B4 mm) that were specifically designed to fit
the majority of C. auris cells (having spherical to oval shape with
characteristic dimensions of 2–3� 2.5–5 mm22) within the individual
wells, see Fig. 1B-i for cross-section and top view (insert) scanning
electron microscopy (SEM) images. Yet, C. auris can also form cell
aggregates which are mainly found on top of the microwells.
Continuous reflectance measurements are used to obtain character-
istic spectra (Fig. 1B-ii), which are further processed by Fast Fourier
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Transform (FFT) frequency analysis. The latter results in a
single peak (Fig. 1B-iii), where the peak amplitude corresponds
to the intensity of the reflected light and the peak position
corresponds to 2nL (n refers to the refractive index of a medium
within the grating and L is the microwells’ depth). Please also
refer to Fig. S1 (ESI†) and to our previous works19,23,24 for a
detailed explanation of the involved optical principles.

Monitoring both parameters over time allows tracking
C. auris growth in a label-free manner in real-time. Fig. 1D
depicts growth curves (intensity and 2nL) for C. auris suspen-
sions at McFarland value of 2.0 (which corresponds to B107

cells mL�1, as routinely used for AFST of Candida species by
commercial automated systems such as the Vitek2;12 for experi-
mental details and further discussion on C. auris cell density
see the ESI,† Fig. S2). For both parameters, a general trend of
decreasing signals (intensity slope: �10.8 DI (%) h�1 and 2nL
slope: �0.13 D2nL (%) h�1) is observed (see Fig. 1D-i and ii).
The major decrease in the intensity signal is ascribed to C. auris
cells growing on the microstructured silicon surface19,23 and
Fig. S3 (ESI†) depicts the correlation between cell concentra-
tions and the obtained intensity signal (Fig. S4 (ESI†) presents
the corresponding raw reflectance spectra). Fig. 1C shows
corresponding confocal laser scanning micrographs of C. auris
at different time points (30 min, 3 h, 6 h), demonstrating that at
the beginning of the assay, most cells reside within the micro-
wells. Whereas at later times, the cells tend to grow out of the
wells and are found on the top of the microstructure, as also

revealed by SEM studies presented in Fig. S5 (ESI†). Moreover,
similar behaviour is also observed for a second yeast
species – the industrial-relevant Saccharomyces cerevisiae where
a characteristic reduction in both intensity and 2nL signals is
obtained, see Fig. S6 (ESI†).

While the observed intensity decrease is in agreement with
our previous studies, where varying microorganisms were
grown on microstructured silicon gratings,17,19,21 the obtained
trend of 2nL reduction (Fig. 1D-ii) is different from the typical
behaviour we have observed for bacteria.19,21 In general, we
found that bacterial cells tend to reside and proliferate within
the microwell structure (see Fig. S7, ESI†) and, as such, induce
an increase in the 2nL value over time. The latter is ascribed to
an increase in the average refractive index within the
microstructure.17–19 We were expecting a similar behaviour
for C. auris, as most cells are found to reside in the wells at
the beginning of the assay. Yet, within 6 h C. auris forms dense
cell aggregates on the top of the microstructure, as depicted in
the electron micrographs included in Fig. S5 (ESI†). To further
investigate this behaviour, C. auris was studied in a growth
medium designated for bacteria (CAMHB), where growth is
observed to be impaired compared to that in RPMI (designated
for yeasts). The slope of the intensity signal is found to be five
times lower in CAMHB, while the 2nL slope is mainly
unchanged, see Fig. S8 (ESI†). Moreover, SEM studies show
that C. auris do not form aggregates on top of the silicon
microstructure in CAMHB, as also depicted in Fig. S8 (ESI†).

Fig. 1 iPRISM concept for C. auris growth monitoring. (A) Suspensions of C. auris cells in growth medium (RPMI) are introduced onto a photonic silicon
chip, having a periodic microwell array structure, fixated within microfluidic channels (channels height B 1 mm allowing for cells suspensions, growth
medium and antifungal solution to flow on top of the microwells). The chip microstructure is specifically designed to (B-i) accommodate C. auris cells
within the microwells as demonstrated by top view and cross section (insert) SEM micrographs. Cells are false-coloured in red for clarity. A white light
source is positioned normal to the chips and illuminates the sensor elements, while the reflected light is continuously recorded. (B-ii) The resulting
reflectance spectra show characteristic interference fringes, as the incident light is reflected from the top and bottom interfaces of the microwell arrays.
The latter spectra are recorded and transformed into (B-iii) single peaks by frequency analysis. The amplitude of the peak corresponds to the intensity of
the reflected light and the peak position correlates to the 2nL. (C) Confocal laser scanning microscopy after cell staining with propidium iodide reveals
C. auris cells (initial cell density: McFarland 2.0) growing within and on top of the silicon microstructure resulting in characteristic growth curves with a
continuous averaged (n = 3) decrease of the (D-i) intensity and (D-ii) 2nL signals. Error bars depict standard deviations.
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This may suggest that the cells emerging from the wells and
forming dense cell clusters on the top of the microstructure
potentially impede light interference from the chip, resulting in
a reduction of the 2nL signal. However, this phenomenon should
be further investigated as we also observed it in the case of biofilm
formation by the bacterial pathogen Pseudomonas aeruginosa.17

Herein, we will mainly focus on monitoring the intensity changes
for sensitive growth detection at varying antifungal concentra-
tions, following the iPRISM assay principle.21 The iPRISM concept
for AFST of C. auris was first established with high antibiotic
concentrations (see Fig. 2) of two clinically relevant antifungal
agents with different modes of action, namely anidulafungin
(echinocandin: inhibition of cell wall biosynthesis)25 and ampho-
tericin B (polyene: cell membrane damage).26,27 The tested con-
centrations of these drugs (both 16 mg L�1) are at the upper range
of the recommended concentrations for AFST of Candida species
according to BMD protocols by the European Society of Antimi-
crobial Susceptibility Testing (EUCAST).28 Thus, fungal growth is
inhibited at these concentrations (Fig. 2A-i), and the relative
growth compared to the drug-free control falls below the 50%
(anidulafungin) and 10% (amphotericin B) growth values, as
depicted in Fig. 2A-ii. The latter values also serve as the MIC
threshold for these respective antifungals (anidulafungin MIC:
lowest drug concentration with Z50% growth inhibition and
amphotericin B MIC: lowest drug concentration with Z90%
growth inhibition) according to EUCAST.28 Scanning electron
micrographs (Fig. 2Bi–iii) reveal that in the absence of an anti-
fungal drug, C. auris grow in dense networks within and on top of
the silicon microstructure, while when exposed to an antifungal,
fewer cells are observed on the chip surface (Fig. 2B-ii and iii).
Moreover, cells exposed to anidulafungin (Fig. 2B-ii) appear round
and swollen – characteristic of morphological changes induced by
this type of antifungal agent.29 In the case of amphotericin B,

cells exhibit a deformed appearance, which is ascribed to cell
membrane damage (Fig. 2B-iii).30

C. auris cells were grown at various concentrations of
anidulafungin and amphotericin B in order to determine MIC
values, and Fig. 3 depicts the corresponding relative growth
curves. Increased concentrations of both antifungal agents
result in reduced growth compared to the untreated control.
According to the MIC definitions (as explained above), the
iPRISM MIC values are 0.25 mg L�1 for both drugs. Statistical
analysis of iPRISM results obtained from different chips
(as shown in Fig. S9, ESI†) reveals that MIC value determination
is feasible within 3.5 h and 6 h for anidulafungin and ampho-
tericin B, respectively. Thus, the iPRISM platform provides
a significantly reduced assay time compared to the gold-
standard BMD (time: 24 h) and the commercially available
Vitek2 system (time: 12–18 h).11,12,28 Please also refer to
Fig. S11 (ESI†), demonstrating that standard BMD-based MIC

Fig. 2 iPRISM ‘‘overkill’’ experiments. (A-i) iPRISM growth curves for
unhindered growth and C. auris exposed to 16 mg L�1 anidulafungin
(AFG) and amphotericin B (AMB), respectively. These growth curves are
transformed into relative growth where the unhindered growth is defined
as 100% (1.0) growth. Black threshold lines indicate 50% (0.5) and 10% (0.1)
growth. (B-i to B-iii) Scanning electron microscopy images reveal how
C. auris behaves on the microstructure in the absence and presence of
high antifungal concentrations. Cells are false-coloured in red for clarity.

Fig. 3 C. auris iPRISM AFST. Relative growth of C. auris at varying con-
centrations of (A) anidulafungin (AFG) and (B) amphotericin B (AMB). The
underlying intensity changes and also the corresponding 2nL growth
curves are presented in Fig. S10 (ESI†), demonstrating that the intensity is
superior in its quantitative sensitivity for growth at varying antifungal
concentrations while the 2nL is still sensitive qualitatively.

ChemComm Communication

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
7 

D
ec

em
be

r 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
/2

4/
20

24
 1

:0
2:

14
 P

M
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e.
View Article Online

76

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cc04446g


Chem. Commun. This journal is © The Royal Society of Chemistry 2024

value determination (C. auris and amphotericin B) can be
reduced to 19 h using continuous microplate reader measure-
ments and statistical analysis. Thus, the presented iPRISM
assay still provides a significantly faster MIC determination.

To test the accuracy of the obtained MIC values, we compare
the latter concentrations to the outcome of gold stand-
ard BMD performed according to EUCAST protocols, see
Table S1 in the ESI.† The iPRISM MIC values for anidulafungin
(0.25 mg L�1 vs. 0.0625 mg L�1) and amphotericin B (0.25 mg L�1

vs. 0.125–0.25 mg L�1) are one to two dilutions higher than the
BMD value. Such a difference between two dilutions is considered
as an essential agreement.31 Furthermore, the obtained MIC
values do not exceed the tentative epidemiological cut-off values
(ECOFFs) determined by different approaches (Table S1, ESI†).32

As such, for both drugs, this C. auris isolate is correctly classified
into the wild-type population without acquired drug resistance. It
should be noted that MIC value deviations between different
methods and protocols are often encountered in susceptibility
testing.33 As previously observed, MIC values determined by
(i)PRISM for E. coli18,19 and A. niger21 tend to be higher in
comparison to BMD MICs. These deviations are mainly as-
cribed to the different assay procedures. While in the BMD, the
fungal cells are suspended and grow in a liquid medium, in the
iPRISM assay, the behaviour of the cell-silicon substrate inter-
face is monitored.

A diagnostic platform for rapid and phenotypic AFST of
C. auris as a model yeast pathogen is shown, demonstrating
and extending the applicability of this label-free assay to a wide
variety of clinically relevant species (bacteria, filamentous
fungi, yeast). The yeast cells grow on a microstructured silicon
surface that also serves as a sensitive sensing element allowing
the detection of changes in the white light reflectivity. The
latter changes are correlated to fungal growth and used to study
the behaviour of C. auris upon exposure to anidulafungin and
amphotericin B – two clinically relevant antifungals from two
distinct antifungal classes. MIC values for these antifungals can
be obtained within 6 h and agree with values determined by
classical BMD. Thus, iPRISM provides a novel method for AFST
of Candida species that is significantly faster (time reduction:
Z18 h) than gold standard methods.
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Photonic Si Microwell Architectures for Rapid Antifungal Susceptibility 
Determination of Candida auris 
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Ester Segal a* 

a Department of Biotechnology and Food Engineering, Technion – Israel Institute of Technology, 320003 Haifa, 
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b Institute of Technical Chemistry, Leibniz University Hannover, 30167 Hannover, Germany 

c Institute of Physics, University of Augsburg, 86159 Augsburg, Germany 

d Micro- and NanoFabrication and Printing Unit, Technion – Israel Institute of Technology, Haifa, 3200003, Israel 

Experimental Procedures 

Materials, Media and Microbial Strains. Glutaraldehyde, Roswell Park Memorial Institute medium (RPMI 1640), Cation-adjusted 
Muller Hinton broth (CAMHB), D-glucose, anidulafungin, amphotericin B and propidium iodide were supplied by Sigma-Aldrich, 
Israel. Absolute ethanol and all buffer salts (NaCl, KCl, KH2PO4, Na2HPO4.) and NaOH were purchased from Merck, Germany. 3-
(N-morpholino)propanesulfonic acid (MOPS) was supplied by Chem-Impex International, Inc., USA. Potato Dextrose Agar (PDA) 
and Bacto agar were purchased from Difco, USA.  
All aqueous solutions and media were prepared in Milli-Q water (18.2 MΩ cm). Phosphate buffered saline (PBS) was composed 
of 137 mM NaCl, 2.7 mM KCl, 1.8 mM KH2PO4, and 10 mM Na2HPO4. RPMI 1640 2 % G medium (RPMI 1640 medium supplemented 
with 2 % D-glucose; referred to as growth medium) was constituted of 10.4 g L-1 RPMI 1640, 34.5 g L-1 MOPS and 18 g L-1 glucose, 
adjusted to pH 7.0 with 1 M NaOH and sterile filtered before use. PDA was prepared by suspending 39 g L-1 PDA powder in water, 
followed by steam sterilization at 121 °C for 30 min before pouring the plates. CAMHB was prepared according to the 
manufacturer's instructions and supplemented with 15 g L-1 Bacto agar for agar plate preparation. Candida auris (C. auris) DSM 
21092 was obtained from the German Collection of Microorganisms and Cell Culture (DSMZ), Germany and Saccharomyces 
cerevisiae (S. cerevisiae) NCYC 1024 from the National Collection of Yeast Cultures, United Kingdom. Escherichia coli (E. coli) K12 
was generously provided by Prof. Sima Yaron (Department of Biotechnology and Food Engineering – Technion) 

Preparation of Microbial Cultures. All microbial cultures were stored at -80 °C. The yeasts C. auris and S. cerevisiae were refreshed 
on PDA and incubated for 16 - 18 h at 30 °C before cell suspensions in growth medium for antifungal susceptibility testing (AFST) 
experiments were directly prepared from these fresh agar plates. For iPRISM experiments, the cell suspension was adjusted 
corresponding to a turbidity standard of McFarland 2.0 (~107 cells ml-1), and for broth microdilution (BMD), cell suspensions with 
a cell density of ~105 cells mL-1 were prepared. E. coli was refreshed on MHB agar plates and grown for 16 h at 37 °C. The bacterial 
cells were resuspended in MHB and adjusted to a cell density corresponding to a turbidity standard of McFarland 0.5 (~108 cells 
mL-1) before PRISM experiments were performed at 37 °C. 

Fabrication and preparation of photonic silicon chips. Silicon chips with microwell gratings (dimensions: width of ~ 4 µm and 
depth of ~ 4 µm) were fabricated by laser writing and reactive ion etching techniques at the Micro- and Nano-Fabrication and 
Printing Unit (Technion) and cut into chips of 5 x 5 mm, as previously described.1 

(i)PRISM Assay. A custom-made, aluminium flow cell was assembled as explained in our previous work2 and controlled by a 
motorized linear stage (Thorlabs, Inc, USA) and LabView (National Instruments, USA) for incremental movement. Before each 
experiment, the system was rinsed with 70 % ethanol, and sterile water before growth medium was introduced to allow the 
medium, temperature (30 °C) and device to equilibrate. Afterwards, 500 µL of the yeast cell suspensions (McFarland 2.0) at 
varying antifungal concentrations were introduced while the zero-order reflected light was continuously recorded as follows. A 
74-series collimating lens connected to a bifurcated fibre optic was arranged perpendicularly to the photonic silicon chips, 
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illuminating them via an HL-2000 white light source, and the reflected light was recorded by a USB4000 CCD spectrometer (all 
Ocean Optics, USA). Fast Fourier transform (FFT) frequency analysis was performed on acquired reflectivity spectra in a range 
between 450 to 900 nm, and the resulting single peak was identified by determining the maximum peak position, where the 
height of the detected peak directly corresponds to the intensity of the reflected light and the peak position to the 2nL value (n 
= refractive index of the medium within the grating and L = depth of the microstructure). The intensity and 2nL values were 
plotted versus time, and the per cent changes of the intensity ΔI (%) and Δ2nL (%) were calculated as follows:     ∆𝐼𝐼 (%) =
𝐼𝐼− 𝐼𝐼0 
𝐼𝐼0

× 100 % and ∆2𝑛𝑛𝑛𝑛 (%) = 2𝑛𝑛𝑛𝑛− 2𝑛𝑛𝑛𝑛0 
2𝑛𝑛𝑛𝑛0

× 100 %, where I0 and 2nL0 refer to the values of 2nL and intensity at t = 0 min 

(introduction of cell suspensions). For AFST experiments, I0 and 2nL0 were replaced by I90 and 2nL90 (t = 90 min) as occasionally 
the signals were unstable at the beginning of the assay, ascribed to the high number of introduced cells. 

Photonic Silicon Chips Characterization. High-resolution scanning electron microscopy (HR-SEM) was performed using a Zeiss 
Ultra Plus high-resolution scanning microscope (Carl Zeiss, Germany). After sensing experiments, samples were fixated using 
2.5 % glutaraldehyde in PBS and stored for at least 24 h at 7 °C. Subsequently, the chips were washed with water, dehydrated 
through a dilution series in ethanol (10 % - 50 % - 70 % - absolute ethanol) and gently dried under a stream of nitrogen before 
being observed using the scanning electron microscope. 
Confocal laser scanning microscopy was performed using an LSM 700 confocal laser scanning microscope (Carl Zeiss, Germany) 
on samples where cells were stained with 20 μg mL–1 propidium iodide after fixation in glutaraldehyde. The photoluminescence 
of the photonic silicon chips and fluorescence emitted by the propidium iodide-stained yeast cells were detected using 405 nm 
(Si photoluminescence) and 555 nm (propidium iodide) laser excitation wavelengths. 

Broth Microdilution AFST. Broth microdilution (BMD) was performed based on the AFST protocol for yeasts of the European 
Committee for Antimicrobial Susceptibility Testing (EUCAST).3 Briefly, two-fold dilution series of the antifungals anidulafungin 
and amphotericin B were prepared in growth medium and tested against a cell suspension (standardized cell density: 
105 cells mL-1) of C. auris in a 96-well plate. Fungal growth was observed after incubation for 24 h at 30 °C by absorbance 
measurements (530 nm, n = 3 for every tested concentration, Varioskan Flash, Thermo Scientific, USA). According to the EUCAST 
protocols, the MIC was defined as the lowest concentration of a drug that results in ≥ 50 % growth inhibition (anidulafungin) and 
≥ 90 % growth inhibition (amphotericin B) compared to the untreated drug-free control. 
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Supporting Data 

Figure S1A depicts a schematic illustration of the cross-section of the silicon microwell structure. The incident light is partially 
reflected from the bottom (orange arrow) and top (red arrow) interfaces of the silicon microwell grating, and the resulting 
reflectance spectra of the zero-order diffraction exhibit characteristic interference fringes (Figure S1B). The interference spectra 
are transformed into the corresponding single peaks by frequency analysis, allowing the monitoring of the reflected light intensity 
and the 2nL value, as explained in the main article (Figure 1). 

 

Figure S1. Microstructure and reflectance spectrum obtained from a photonic silicon chip. (A) Schematic illustration of the 
photonic silicon microwell gratings. L represents the height of the microstructure, and d is its width. Incident light hits both the 
bottom (orange arrow) and the top (red arrows) of the structure and is reflected from both interfaces. (B) The reflected light 
interferes, and the resulting reflectance spectra show characteristic interference fringes. 
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iPRISM for antifungal susceptibility testing (AFST) of C. auris was performed with cell suspensions at McFarland 2.0 
(~107 cells mL-1; see Figure 1). The latter cell density is routinely used for AFST of Candida species by commercially available 
automated systems such as the Vitek24 and also expedites growth detection as compared to lower cell densities used in gold 
standard BMD (~105 cells mL-1) procedures.3 Figure S2 demonstrates that at 105 cells mL-1, growth detection in the iPRISM assay 
is feasible, slope: -0.73 ΔI (%) h-1. Yet, growth detection is clearly expedited at McFarland 2.0 with a slope of -10.8 ΔI (%) h-1 
(Figure 1). 

 

Figure S2. Averaged (n = 3) iPRISM growth curves for C. auris at an initial cell density of 105 cells mL-1 and medium only. Error bars 
show standard deviations of these triplicate measurements. 

  

81



Results 

 

Figure S3 shows the intensity change caused by the introduction of C. auris suspensions of different cell densities. Figure S3A 
depicts characteristic iPRISM curves, where the change in intensity ΔI (%) is plotted over time, following the introduction of C. 
auris suspensions of different cell densities, and Figure S3B summarizes the respective average -ΔI (%) in a log-log scale at a 
concentration range from 105 – 108 cells mL-1. The decrease in light intensity is ascribed to light scattering induced by microbial 
cells, as described previously.5  

 

Figure S3. Intensity changes after the introduction of C. auris suspensions of different cell density values compared to the baseline 
values plotted over time. (B) A calibration curve (log-log scale) showing the average -ΔI (%) changes caused by the introduction 
of different C. auris cell concentrations (n = 3). Error bars show standard deviation. 
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Figure S4 presents the raw reflectance spectra before and after the introduction of a concentration range from 104 – 108 cell mL-1. 

 

Figure S4. Change of the reflectance spectra after introduction of C. auris suspensions of different cell density values. 
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Figure S5. Scanning electron micrographs of C. auris (inoculum: McFarland 2.0) growing on the photonic silicon chips for (A) 30 
min and (B) 6h, respectively. Scale bars correspond to 10 µm and 4 µm (inserts). Yeast cells were false-coloured in red for clarity. 
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Figure S6. Averaged S. cerevisiae (i)PRISM growth curves (n = 3) for (A) intensity (slope: -11.4 ΔI (%) h-1) and (B) 2nL (slope: -0.08 
Δ2nL (%) h-1) changes. The error bars show the standard deviation of the triplicate measurements. (C) Corresponding scanning 
electron micrographs after (C-i) 1h and (C-ii) 5 h of incubation. The yeast cells were false-coloured in red for clarity. 
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Figure S7. The bacterial species E. coli on photonic Si microwell chips. (A) A scanning electron micrograph demonstrates that most 
E. coli cells with a typical length of 1 – 2 µm reside within the microwell structure. The cells were false-coloured for clarity. 
(B)  Bacterial proliferation within the microwells typically results in a 2nL increase ascribed to the increased refractive index within 
the microstructure due to bacterial growth.  
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Figure S8. C. auris growing in cation-adjusted Muller Hinton Broth (CAMHB), a medium designated for antimicrobial susceptibility 
testing of bacteria. Averaged (i)PRISM growth curves for (A) intensity (slope: -1.8 ΔI (%) h-1) and (B) 2nL (slope: -0.015 Δ2nL (%) h-1) 
signals of C. auris growing in CAMHB (n > 10) and growth medium only as control (n =3). Error bars depict standard deviation. 
(C) Scanning electron micrographs after 6 h of incubation. The scale bars correspond to 10 µm and 4 µm (insert). Cells are false-
coloured in red for clarity. 
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Figure S9. Relative growth was determined by iPRISM for the MIC, and the highest subinhibitory concentration for 
(A) anidulafungin (AFG) and (B) amphotericin B (AMB) against C. auris (n =3); error bars indicate standard deviations. The MIC 
can be determined within 3.5 h for anidulafungin and 6 h for amphotericin B as at these time points, the growth at the MIC and 
the highest subinhibitory concentration are significantly different (two-tailed t-test; p < 0.05). Also, here all MIC growth curves 
fall below the MIC threshold (black lines) of 50 % (0.5) growth (anidulafungin) and 10 % (0.1) growth (amphotericin B). 
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Figure S10. Growth curves for C. auris at varying antifungal concentrations by monitoring intensity and 2nL changes. (A-i) Intensity 
and (A-ii) 2nL changes for C. auris growing at varying anidulafungin concentrations. (B-i) Intensity and (B-ii) 2nL changes for C. 
auris exposed to different amphotericin B concentrations.  
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Figure S11 shows the growth curves obtained by a standard BMD assay for C. auris and amphotericin B, continuously monitored 
using a microplate reader. The MIC is determined to be 0.25 mg L-1 as this concentration causes a > 90 % growth inhibition 
compared to the untreated no-drug control. The MIC (0.25 mg L-1) and the lowest subinhibitory concentration (0.125 mg L-1) are 
statistically different after 19 h (two-tailed t-test, p < 0.05). Thus, the MIC can be determined within 19 h - an assay time which is 
still significantly longer than for the iPRISM assay (MIC determination within 6 h). 

 

Figure S11. Continuous microplate reader measurements (n =3) for a standard BMD with C. auris and different amphotericin B 
concentrations over an incubation time of 24 h. Error bars indicate the standard deviation of the triplicate measurements. 
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Table S1. MIC value comparison for anidulafungin (AFG) and amphotericin B (AMB) obtained by iPRISM and gold 
standard BMD methods, including respective tentative epidemiological cut-off values (ECOFFs). 
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Antifungal iPRISM BMD ECOFFs 
 MIC  

(mg L-1) 
Time 
(h) 

MIC  
(mg L-1)  

Time 
(h) 

 
(mg L-1) 

AFG 0.25 3.5 0.0625 mg L-1 24 0.25 - 26 

AMB 0.25 6 0.125 - 0.25 mg L-1  24 1 - 26 
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5.3 A 3D-Printed Microfluidic Gradient Generator with Integrated Photonic 

Silicon Sensors for Rapid Antimicrobial Susceptibility Testing  
This section is reproduced from the research article “A 3D-Printed Microfluidic Gradient Generator with 

Integrated Photonic Silicon Sensors for Rapid Antimicrobial Susceptibility Testing”, published in the peer-

reviewed journal Lab on a Chip. 

“A 3D-Printed Microfluidic Gradient Generator with Integrated 

Photonic Silicon Sensors for Rapid Antimicrobial Susceptibility 

Testing” 
 

Christopher Heuer*, John-Alexander Preuß*, Marc Buttkewitz, Thomas Scheper, Ester 

Segal and Janina Bahnemann  

(* equal contribution) 

 

Lab on a chip, 22, 4950–4961 (2022) 

 

Figure 7 Graphical abstract of the research article “A 3D-Printed Microfluidic Gradient Generator with Integrated 
Photonic Silicon Sensors for Rapid Antimicrobial Susceptibility Testing”. 

The article addresses the third research objective and presents an integrated system for rapid automated 

AST, which can potentially be employed in point-of-care settings. The system includes a 3D-printed 

microfluidic gradient generator which is interfaced with photonic chips that encompass the sensing element. 

This gradient generator was fabricated from a heat-resistant and biocompatible material and automatically 
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generates the desired two-fold antimicrobial dilution series in one step by adjusting the flow rate and 

channel length ratios. The device and its accuracy were carefully characterized using different fluids (ink, 

glucose, ciprofloxacin), and for all fluids, precise two-fold dilution series were obtained. Next, the gradient 

generator was established for gold standard BMD of different pathogen drug combinations (C. auris and 

voriconazole, E. coli and gentamicin, S. marcescens and ciprofloxacin) by collecting the respective 

antimicrobial concentrations from the outlets of the generator. The attained MICs from this gradient 

generator enabled BMD agreed with the values from a manually prepared BMD, demonstrating that the 

gradient generator and its function did not impair the outcome of such standard AST. Finally, the device 

was interfaced with the optical transducer element by integrating the photonic silicon chips into the gradient 

generator for automated optical AST using PRISM (detecting 2nL changes). The application of the silicon 

chip integrated gradient generator was demonstrated for the bacterial pathogen E. coli and the antibiotic 

ciprofloxacin and MIC value determination was feasible within 90 minutes compared to 8 – 24 h in current 

clinical procedures for bacterial pathogens. 

In the following article, “A 3D-Printed Microfluidic Gradient Generator with Integrated Photonic Silicon 

Sensors for Rapid Antimicrobial Susceptibility Testing”, the results are presented and discussed in detail. 
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A 3D-printed microfluidic gradient generator with
integrated photonic silicon sensors for rapid
antimicrobial susceptibility testing†

Christopher Heuer, ‡ac John-Alexander Preuss, ‡ab Marc Buttkewitz,a

Thomas Scheper,a Ester Segal *c and Janina Bahnemann *ab

With antimicrobial resistance becoming a major threat to healthcare settings around the world, there is a

paramount need for rapid point-of-care antimicrobial susceptibility testing (AST) diagnostics. Unfortunately,

most currently available clinical AST tools are lengthy, laborious, or are simply inappropriate for point-of-

care testing. Herein, we design a 3D-printed microfluidic gradient generator that automatically produces

two-fold dilution series of clinically relevant antimicrobials. We first establish the compatibility of these

generators for classical AST (i.e., broth microdilution) and then extend their application to include a

complete on-chip label-free and phenotypic AST. This is accomplished by the integration of photonic

silicon chips, which provide a preferential surface for microbial colonization and allow optical tracking of

bacterial behavior and growth at a solid–liquid interface in real-time by phase shift reflectometric

interference spectroscopic measurements (PRISM). Using Escherichia coli and ciprofloxacin as a model

pathogen-drug combination, we successfully determine the minimum inhibitory concentration within less

than 90 minutes. This gradient generator-based PRISM assay provides an integrated AST device that is

viable for convenient point-of-care testing and offers a promising and most importantly, rapid alternative

to current clinical practices, which extend to 8–24 h.

Introduction

The emergence of antimicrobial resistance in bacterial and
fungal pathogens caused by the extensive use and misuse of
antimicrobials has led to the emergence of ‘superbugs’ and a
global health crisis.1,2 According to a recent study by the
antimicrobial resistance collaborators, ∼1.3 million deaths
were directly attributed to antimicrobial resistance in 20193

and by 2050, antimicrobial-resistant infections could even
come to surpass cancer as the leading cause of mortality.4

This concerning situation is only further exacerbated by the
lack of a robust pipeline for developing new antimicrobials –

which underscores the pressing need for proper antimicrobial
stewardship (especially efforts to curb the excessive use of
antimicrobials and the spread of drug resistance by

encouraging physicians to prescribe suitable antimicrobials
only when needed).5,6 An essential part of effective
antimicrobial stewardship is clinical antimicrobial
susceptibility testing (AST). In these assays, pathogens are
exposed to a panel of antimicrobials at varying concentrations
so that the minimum inhibitory concentration (MIC) can be
determined. This value is typically defined as the lowest drug
concentration that inhibits the pathogens' growth and helps
physicians to differentiate between resistant and susceptible
isolates and choose the adequate antimicrobial for
treatment.13–15 Yet gold-standard reference AST techniques,
such as broth microdilution (BMD) and agar-based methods
in which growth can be determined by absorbance
measurements16 or visually,17,18 are labor-intensive
procedures with long (≥16 h) wait times and are not well-
suited for point-of-care (PoC) purposes.16–19

To overcome these limitations, extensive research is
directed towards the development of microfluidic devices for
miniaturized and rapid AST assays20,21 using various sensing
approaches (e.g., chromogenic agar,22 oxygen
consumption,23,24 membrane integrity,25 single-cell
imaging,26 or metabolic activity/metabolite analysis27–29).
However, in most studies, the total assay time (including
sample preparation and time readout) is still in the range of
several hours, and sample preparation should be further
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simplified.20 To answer these challenges and make AST
procedures more appropriate for deployment at PoC, the
integration of microfluidic gradient generators (GG) in AST
systems is suggested.7–12,30–32 These GG devices are designed
to establish a desired antimicrobial dilution series –

combining advantages of automation, and minimized sample
and reagents consumption. The automatically generated
concentrations are then collected and used for BMD testing,
or the AST procedure is performed within the microfluidic
system. Yet, existing microfluidic GG AST systems still suffer
from different shortcomings; for example, in diffusion-based
assays, the diffusion behavior of each antimicrobial agent
must be well known to accurately predict the specific
concentration in the area of interest.30,31 By contrast,
convective gradient generators allow a high control of the
respective concentration without a precise determination of
the antimicrobials' diffusive behavior. Yet, tree-like gradient
generators (based on a cascade of divisions and reunions
with an additional branch at every level) that represent the
standard system of such convective gradient generators are
often constrained by a maximal flow rate (as thorough mixing
is required between each reunion and division).33 Moreover,
reported convective GG AST systems only apply non-clinically
relevant linear concentration gradients,7,8,10 require
inconvenient off-chip testing after antimicrobial solution
collection,8,11 need to be coupled with sophisticated
microscopy analysis,7,10 or provide AST results within ≥8 h8,9

which in a clinical setting often corresponds to next-day
results only.13 See Table 1 for a summary of previously
reported relevant convective GG devices for AST.

In this work, we build a 3D-printed GG system for creating
clinically relevant two-fold dilution series of antimicrobials
and integrate it with an on-chip phenotypic AST, allowing for
an automatic rapid susceptibility determination (within <90
min). The microfluidic GG principle relies on adjusting the
channel length ratios of parallel channels33 and flow rate
ratios to generate defined concentrations in one step. The
device is fabricated from a biocompatible and heat-resistant34

polyacrylate material by high-resolution 3D printing – a
technique that enables the manufacturing of microfluidic

devices and has accordingly assumed increasing importance
in many biotechnology-related fields, ranging from
diagnostics to cell culture.35–39 Compared to standard
fabrication processes such as polydimethylsiloxane-based
soft-lithography,10,12,40 3D printing offers rapid prototyping
of complex structures in a single step,38,41 the use of various
and versatile materials,34,40,42 and does not require
sophisticated microfabrication facilities.12,38 The
functionality of the GG is first established off-chip, see
Fig. 1A, for various clinically relevant microorganisms
(bacterial and fungal) using the gold standard BMD assay. In
these tests, two-fold serial dilutions of antimicrobials are
prepared in a liquid growth medium and inoculated with a
predefined and standardized cell number. Next, we interface
the gradient generator with an array of photonic silicon chips
(Fig. 1B-i), consisting of microwell diffraction gratings, which
provide a preferential surface for microbial colonization and
act as an optical transducer element and previously enabled
real-time and rapid AST of Escherichia coli (E. coli) in 2–3 h
and Aspergillus niger (A. niger) in 10–12 h.43,44 In this label-
free PRISM (phase shift reflectometric interference
spectroscopic measurement) method, continuous reflectivity
measurements (Fig. 1B-ii) track bacterial growth in the
presence of different antibiotic concentrations within the
microwell structure of photonic silicon chips. After applying
frequency analysis, single peaks are obtained (Fig. 1B-v and -vi)
where the peak position corresponds to 2nL (n is the refractive
index of the medium within the grating and L represents the
height of the microstructures). At antibiotic concentrations ≥
MIC (Fig. 1B-iii), bacterial growth is inhibited and the 2nL value
remains largely unchanged (Fig. 1B-v), whereas uninhibited
bacterial growth (Fig. 1B-iv) results in an increase of the 2nL
due to refractive index changes (Fig. 1B-vi). Susceptibility and
corresponding MIC values are determined by the extent of
antimicrobial-hindered bacterial growth within the grating
by monitoring the 2nL value over time (Fig. 1B-vii). The
resulting integrated platform, combining the microfluidic
GG device and PRISM sensors, allows for rapid (90 min)
phenotypic AST in a label-free format, which is highly
applicable in PoC settings.

Table 1 Relevant convective microfluidic GG systems for AST assays previously reported in the literature. The gradient generator devices are ordered
according to their reported assay time, from the lengthiest to the most expeditious

Principle Gradient
Flow rate
(μL min−1) AST method Label

Assay
time (h) Ref.

Tree-like Linear 0.167 Fluorescence imaging of stained biofilm Yes >24 7
One-step inlet position Linear 2280 Off-chip turbidity No Overnight 8
Vacuum driven Exponential

(two-fold dilution)
No data Fluorescence detection

(resazurin-based redox indicator)
Yes 8 9

Acoustic waves Linear 3.3 Time-lapse microscopy (covered area) No 5.5 10
3D tree-like Symmetric gradient of 3 fluids 1000 Off-chip fluorescence detection

(resazurin-based redox indicator)
Yes 5 11

Tree-like Exponential
(two-fold dilution)

1.5 Microscopy (cell counting) No 3 12

One-step parallel channels Exponential
(two-fold dilution)

1000 PRISM No ≤1.5 This study
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Experimental
Materials, media, and microbial strains

VisiJet® M2S-HT90 3D printing material and wax support
material VisiJet® M2 SUP were purchased from 3D Systems
Inc. (SC, USA). Cation-adjusted Muller Hinton broth
(CAMHB), Roswell Park Memorial Institute medium (RPMI
1640), 3-(N-morpholino)propanesulfonic acid (MOPS),
glutaraldehyde, D-glucose, voriconazole, and ciprofloxacin
were supplied by Sigma-Aldrich, Israel. All buffer salts were
obtained from Merck, Germany. Potato dextrose agar (PDA),
bacto agar, and Luria-Bertani (LB) broth were supplied by
Becton Dickinson (Difco, USA). Absolute ethanol was
purchased from Gadot, Israel. Detergent fairy ultra plus was
purchased from Procter and Gamble (Cincinnati, USA),
gentamicin sulfate from AppliChem GmbH (Darmstadt,
Germany), Pelikan ink 156372 (designated blue dye) with an
estimated diffusion coefficient45 of ∼10−10 m2 s−1 from
Pelikan Group GmbH (Falkensee, Germany), and paraffin oil
of low viscosity from Carl Roth GmbH + Co. K.G. (Karlsruhe,
Germany). All aqueous solutions and media were prepared in
deionized water (18.2 MΩ cm). Phosphate buffered saline

(PBS) was constituted of 137 mM NaCl, 2.7 mM KCl, 1.8 mM
KH2PO4, and 10 mM Na2HPO4. RPMI 1640 2% G medium
(RPMI 1640 medium supplemented with 2% D-glucose) was
composed of 10.4 g L−1 RPMI 1640, 34.5 g L−1 MOPS, and 18
g L−1 D-glucose. LB agar was made from 25 g L−1 LB broth
and 15 g L−1 bacto agar. PDA plates and CAMHB medium
were prepared according to the manufacturer's instructions.
All media and buffer were heat-steam sterilized or sterile-
filtered before use. E. coli K12 and Serratia marcescens
(S. marcescens) were generously provided by Prof. Sima Yaron
(Department of Biotechnology and Food Engineering,
Technion – Israel Institute of Technology). Candida auris
(C. auris) DSM 21092 was obtained from the German
Collection of Microorganisms and Cell Cultures.

Preparation of microbial cultures

Microbial cultures were stored as cryo cultures at −70 °C.
Prior to AST experiments, the cells were sub-cultured onto LB
agar (bacteria) or PDA (yeast) and incubated at 37 °C for 16–
24 h. Colonies from these agar plates were directly used to
obtain the cell suspensions used in AST experiments.

Fig. 1 (A) First, the functionality of the GG device is established by the gold-standard BMD method. The GG is used to generate two-fold dilutions
of antimicrobials that are tested in a 96 well plate against three different microorganisms (E. coli, S. marcescens, and C. auris). The MIC is
determined after incubation by absorbance measurements or visually. (B-i) Second, the integration of photonic silicon chips consisting of
microwell diffraction gratings for rapid optical AST (PRISM) is demonstrated. (B-ii) Illumination of the photonic silicon chips by a white light source
results in characteristic reflectivity spectra exhibiting interference fringes as light is partially reflected from the top and bottom surfaces of the
silicon microwell diffraction grating. These reflectivity spectra are recorded and analysed in real time, enabling label-free monitoring of bacterial
growth in the presence of varying antibiotic concentrations generated by the GG device. (B-iii) Bacterial growth is inhibited at antibiotic
concentrations ≥ MIC, while at (B-iv) subinhibitory concentrations, the bacteria grow and proliferate within the microwells. To monitor this
bacterial behaviour, the reflectivity spectrum (at each time point) is analysed by frequency analysis (FFT), yielding a single peak where the peak
position corresponds to the 2nL value (n = refractive index within the microwells; L = height of the microstructure). When bacterial growth is
inhibited, (B-v) this 2nL value remains unchanged, while (B-vi) it increases when bacteria grow inside the microwells and induce changes in the
average refractive index values. (B-vii) The 2nL is monitored in real-time and used to track bacterial growth at varying antimicrobial concentrations
to determine the MIC value within less than 90 min.
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3D printing and post-processing

The computer-aided design (CAD) model was created using
SolidWorks 2020 (Dassault Systèmes SolidWorks Corp,
Waltham, MA, USA). The model was saved as an .STL file for
printing purposes, and as an .SAT file for simulations. All
files are provided in the ESI.† Models were printed using a
high-resolution 3D printer (ProJet® MJP 2500 Plus, 3D
Systems, SC, USA) with a xyz resolution of 32, 28 and 32 μm,
respectively. The GG was printed with its inlets facing up, as
shown in Fig. S1.† Further information on the accuracy of the
printing process is given in Fig. S2 and Table S1.† The
printed device was removed from the printing platform after
incubation at −18 °C for 10 min. Afterward, all pieces were
placed in EasyClean units from 3D systems (water vapor bath
and hot paraffin oil bath at 65 °C) to remove the wax support
material. The interior structures were flushed at least three
times with hot paraffin oil using a syringe. To remove oil
residues, the parts were then submerged in an ultrasonic
bath (Elma Elmasonic S30, Elma, Schmidbauer GmbH,
Singen, Germany) with water and detergent at 50 °C for at
least three times. Subsequently, the device was cleaned with
deionized water and dried at 70 °C for 1 hour.

Computational fluid dynamics (CFD) simulations

The functionality of the design was tested via running a
computational fluid dynamics (CFD) simulation using
COMSOL® Multiphysics 5.5 (COMSOL Inc., Stockholm,
Sweden). General simulation settings were chosen according
to Enders et al.41 As physical properties, a density of 1 g cm−3

and a dynamic viscosity of 10−3 kg m−1 s−1 were chosen for
water. For inlet A, the concentration of a fictive substance
with a diffusion constant of 10−9 m2 s−1 was set to 1 mol m−3,

while the concentration of inlet B was defined as 0 mol m−3.
To simulate the performance of the designed GG, the inflows
at inlet A and inlet B were defined as 323 μL min−1 and 677.3
μL min−1, respectively.

Experimental gradient generating accuracy studies

The source fluids – blue dye (ink; 1 : 30 diluted), glucose (6 g
L−1), and ciprofloxacin (1 mg L−1) – were introduced into the
device by a syringe pump into inlet A at a flow rate of 323 μL
min−1, while the sink fluid water was introduced by a second
syringe pump into inlet B at a flow rate of 677.3 μL min−1.
After 5 min, the first fractions were collected from the six
outlets, the pumps were stopped, and the solutions were
transferred into a 96 well plate or reaction tubes. Next, the
pumps were started again, and after 30 s a second batch was
collected. This procedure was repeated again, for the
collection of a third batch from every outlet. The dye was
quantified at 600 nm (NanoDrop™ 2000 spectrophotometer,
Thermo Fisher Scientific GmbH, Dreieich, Germany), the
glucose concentration was measured using a Cedex
BioAnalyzer (Roche Diagnostics Deutschland GmbH,
Mannheim, Germany), and ciprofloxacin was quantified via a
fluorescence assay (λex 272 nm, λem 421 nm; Varioskan

Flash, Thermo Scientific, USA). For every source fluid, a
different GG device was used. The photograph of the dye-
water gradient was obtained using a VHX-6000 digital
microscope (Keyence Deutschland GmbH, Neu-Isenburg,
Germany).

Broth microdilution

Gold standard BMD was performed using the protocols that
are recommended by EUCAST, namely ISO 20776-1:2020
standard for bacteria18 and the EUCAST AFST protocol for
yeast.16 Two-fold dilutions of the antimicrobials in growth
medium (CAMHB for bacteria and RPMI 2% G medium for
yeast) were prepared in 96 well plates and tested against a
standardized cell density of 5 × 105 cells mL−1 (bacteria) or
105 cells mL−1 (yeast) unless otherwise stated. For bacterial
species, the MIC was determined visually after 18 h
incubation at 37 °C supported by absorbance measurements
at 600 nm (Varioskan Flash, Thermo Scientific, USA). The
MIC of C. auris (yeast) was determined by absorbance
measurements at 530 nm after incubation for 24 h at 37 °C.
Every gold standard BMD test was repeated at least three
times with n ≥ 3 for every concentration tested. Before
obtaining the antimicrobial dilutions for the GG-based BMD,
the GG device was heat-steam sterilized and employed as
described in the previous section. Accordingly, the source
fluids ciprofloxacin (1 mg L−1), gentamicin (1 mg L−1), and
voriconazole (0.25 mg L−1) in growth medium were diluted by
the sink fluid (CAMHB or RPMI 2% G medium) to obtain the
desired two-fold dilutions.

Photonic silicon Chip integration

Silicon chips with microwells (width of approx. 4 μm and
depth of approx. 4 μm) were fabricated by laser writing and
reactive ion etching technologies at the micro- and nano-
fabrication and printing unit (Technion – Israel Institute of
Technology.44 A stepwise protocol for the fabrication
procedure of the chips is given in the ESI† (section S2). The
chips (diced into 5 × 5 mm) were individually placed into the
square-shaped cavities (5.1 × 5.1 mm) of the GG. UV-curable
glue (Norland Optical Adhesive 72, Norland Products Inc., NJ,
USA) was carefully applied to the chip backside of the
photonic silicon sensor and allowed to cure for 30 min under
UV-light at 365 nm with 1.5 mW cm−2 (VL-6.LC UV lamp 365/
254 nm 6 W, Vilber Lourmat, Collégien, France) to seal the
system leakage-free. To improve the optical properties, UV-
curable lacquer (luxaprint® shellac, DETAX GmbH, Ettlingen,
Germany) was applied into rectangular depressions on top of
the 3D-printed surfaces above the integrated photonic silicon
chips and cured for 5 min under UV-light using the same
conditions as for the Norland Optical Adhesive.

Gradient generator-based PRISM assay

The GG device with integrated photonic silicon chips was
placed onto a heat-controlled aluminium sub-structure (37
°C) and connected via a 3D-printed adapter to a motorized
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linear stage (Thorlabs, Inc., USA) for movement control. 70%
ethanol was used to disinfect the system before growth
medium (CAMHB) was introduced – allowing devices,
temperature, and medium to equilibrate. Subsequently,
suspensions of E. coli (McFarland 0.5) and 1 mg L−1

ciprofloxacin (source fluid) and E. coli (McFarland 0.5)
without antibiotic (sink fluid) were introduced for 5 min. The
outlets were then closed (using silicone tubing and Luer
adapters), and the bacteria were given 10 min to settle within
the microstructure before the optical assay (PRISM) was
initiated. Data acquisition and analysis were performed
according to our previous work:43,44 a bifurcated fibre optic
(Ocean Optics, USA) equipped with a collimating lens was
arranged normal to the photonic silicon chips. Through the
bifurcated fibre, the chips were illuminated via a HL-2000
white light source (Ocean Optics, USA), and the reflected light
was transmitted to a USB4000 CCD spectrometer (Ocean
Optics, USA). Fast Fourier transform (FFT) frequency analysis

was performed on the acquired spectra in the range of 450–
900 nm. In the resulting peak, the peak position corresponds
to the 2nL, where n represents the refractive index of the
medium filling the microstructure and L the height of the
microwells. The 2nL values were plotted versus time to
monitor bacterial growth. The percent changes of 2nL (Δ2nL)
were calculated as follows:

Δ2nL %ð Þ ¼ 2nL − 2nL0
2nL0

× 100%;

where 2nL is the 2nL value at a given time, and 2nL0
corresponds to the 2nL when the PRISM assay was started.

Photonic silicon Chip characterization

The photonic silicon microstructure was studied by high-
resolution scanning electron microscopy (HR-SEM) using a

Fig. 2 Design and principle of the 3D-printed GG for two-fold dilutions dosing. (A) The technical drawing depicts the different modules of the
device: (1) inlets to introduce source and sink fluids and rinsing with ethanol, (2) gradient generating unit where the dosing of the required
concentrations is achieved, (3) mixing unit with integrated micromixers facilitates homogenous mixing and (4) outlets from where the solutions are
collected. Dimensions are shown in millimeters (mm). If not further specified, the microfluidic channels were printed with dimensions of 0.5 mm ×
0.5 mm (width × height). The internal volume of the whole device is 455 μL. (B) Schematic presenting the principles of the gradient generating unit.
The source fluid is introduced into reservoir A, whereas the sink fluid is pumped into reservoir B. White numbers within the black circle represent
the relative concentrations of the source fluid in reservoir A and reservoir B. By adjusting the flow rate ratio according to the channel length ratios
(black annotations) of the conjoining horizontal channels, a two-fold dilution series is obtained (white lettering). (C) Photograph of the final 3D-
printed GG device after post-processing procedure.
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Zeiss Ultra Plus high-resolution scanning microscope (Carl
Zeiss, Germany).

Results and discussion
Gradient generator principle and design

The design of the 3D-printed GG consists of different
functional units (modular design), as illustrated in Fig. 2A.
Both source (e.g., antimicrobial solution) and sink (e.g.,
buffer or medium) fluids are introduced from the outer inlets
into the device. The inner inlets serve as a port through
which ethanol can be introduced to remove air bubbles and
disinfect the device. The gradient generating unit is the core
module of the device – this is where the dosing of the
required concentrations (i.e., two-fold dilutions) is achieved.
In Fig. 2B, the gradient generating principle is schematically
illustrated: the source fluid is introduced via a syringe pump
(at a constant flow rate) into the reservoir A/inlet A, while a
second syringe pump likewise introduces the sink fluid into
the reservoir B/inlet B. Both these reservoirs are connected by
a series of parallel microfluidic channels where the source
and sink fluid combine and mix with each other. The
concentration dosing is achieved by adjusting the length
ratios of these connected channels, based on the simple
principle of fluid mechanics, which holds that the longer the
channel, the higher the hydrodynamic resistance – resulting
in reduced flow rates in comparison to shorter channels.33,46

For example, when the length of both channels is equivalent
(see the first horizontal channel in the center), the sink and
source fluids merge at the same flow rate, and dosing of 50%
(relative concentration of the source fluid) is achieved.
However, when the channel from the sink fluid reservoir is
shorter than the channel that transfers the source fluid (see
the fourth horizontal channel in the center), the latter is
diluted to much lower concentrations (here 6.25%) since it
perfuses at a much lower flow rate. Please note that a higher
volume of the sink fluid, compared to the source fluid, is
required to achieve a two-fold dilution series, and,
accordingly, the sink fluid is introduced at a higher flow rate
(677.3 μL min−1) than the source fluid (323 μL min−1). For a
detailed step-by-step explanation of the gradient generating
principle and how the parallel channel length rations are
adjusted, the reader is referred to the ESI† (see section S3 for
equations and description). Also, this section (Fig. S3†)
provides additional detailed technical drawings of the GG
unit and the micromixers.

From the GG unit, the merged fluids are then transferred
to the mixing unit, where the integration of passive HC-
micromixers41 enables homogenous mixing of these
solutions emphasized by computational fluid dynamic (CFD)
simulations as depicted in Fig. S4.† Homogenous mixing is
critical when surface-based sensing elements such as the
PRISM silicon chips are integrated into the device for
bioanalytical analysis. Our group47 and others48,49 have
demonstrated that providing uniform analyte concentration
to the silicon sensor surface is crucial in minimizing the

analyte depletion and hindered mass transfer. After leaving
the mixing unit, the fluids flow towards the outlets, where
they are collected for quantification or subsequent AST.
According to the GG design, the calculated flow rate at every
outlet is ∼166.7 μL min−1, and indeed Fig. S5† shows
equivalent flow rates at the various outlets with an overall
outlet flow rate (940 μL min−1) that is consistent with the
total inlet flow rate (∼1000 μL min−1).

Gradient generator characterization

The dosing accuracy of the GG was studied by conducting
CFD simulations and experimental analyses of various model
solutions (i.e., dye, glucose, and ciprofloxacin) with distinct
properties. For example, dyes are often used to investigate the
(mixing) performance in microfluidic systems;11,31,41 in this
work, the dye (blue ink) concentration was quantified by
absorbance measurements at 600 nm. Glucose served as a
hydrophilic model compound to reflect the behavior of
aminoglycoside antibiotics, such as gentamicin, and its
concentration was determined using a photometric enzymatic
(hexokinase) assay.50 As a relevant model antibiotic, which is
also used in the subsequent AST assays, ciprofloxacin is
employed, harnessing its intrinsic fluorescence.51 Fig. 3A
presents a CFD simulation of the device at the designated
flow rates and the corresponding photograph of the generated
gradient using an aqueous dye solution. Fig. 3B compares the
simulated concentration values to those collected
experimentally for all three model solutions.

The measured concentrations of the generated solutions
depict an accurate two-fold dilution series with high values of
the coefficient of determination (R2 simulation = 0.9995; R2

dye = 0.9974, R2 glucose = 0.998, and R2 ciprofloxacin =
0.9929) which are comparable to accuracies presented in
previously published GG systems.8,12 The results also suggest
that possible adsorption effects of the solutions to the 3D-
printing material are negligible. The small differences in the
determined concentrations for the different source fluids are
ascribed to slight deviations in the channel dimensions that
may influence the network of finely balanced channel lengths
(ratios) and effectively also the concentrations at the outlets.
Please refer to Table S1† for further information on the
printing accuracy.

GG-enabled AST

The successful miniaturization, integration, and automation
of the various steps required in AST methods (e.g., generation
of two-fold antimicrobial dilution series, cell inoculum,
sensing, and MIC determination) are considered essential
prerequisites for providing rapid and easy-to-use AST assays
for point-of-care applications.14,52 We thus envisioned a
microfluidic system that automatically generates the desired
antimicrobial concentrations and also integrates the sensing
elements for convenient and time-saving real-time optical
AST directly within the microfluidic channels of the GG-
system. Before integrating photonic silicon chips as sensing
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elements for on-chip AST into our device, we first test the
compatibility of the 3D-printed GG with the gold-standard
BMD assay (schematically illustrated in Fig. 1A). We used
three clinically-relevant model pathogen-drug combinations –

namely, S. marcescens vs. ciprofloxacin, E. coli vs. gentamicin,
and C. auris vs. voriconazole. S. marcescens and E. coli are
both Gram-negative bacteria that can cause, among other
serious ailments, urinary tract infections (UTIs), diarrheal
diseases, pneumonia, and sepsis;53,54 their susceptibility was
tested against antibiotics with different modes of action.
While ciprofloxacin (fluoroquinolone) inhibits the gyrase
enzyme, which plays an essential role in DNA replication,55

gentamicin (aminoglycoside) binds to the 30S subunit of the
ribosomes and thus inhibits the protein biosynthesis.56 As a
fungal pathogen, C. auris (an opportunistic yeast) causes
severe invasive infections and shows alarming rates of
acquired antifungal resistance;57,58 it was studied against the
antifungal drug voriconazole, which inhibits the ergosterol
synthesis (crucial cell wall component) and is applied for
invasive candidiasis and aspergillosis treatment.59 From the
gradient generator, five consecutively obtained fractions (F1–
F5) were collected for every tested concentration (GG-enabled
BMD), and the attained relative growth values for all
pathogen-drug combinations are presented in Fig. 4 and
compared to reference BMD results (see grey panels).
Although at least at subinhibitory antimicrobial
concentrations, the growth behaviour can deviate between
fractions, the MIC values that were calculated for the GG-

enabled BMD – defined as the lowest drug concentration
which completely inhibits the growth (bacteria) or induces
50% growth inhibition (yeast) – were accurately determined.
Moreover, they agree with the reference BMD and MIC values
published by the European Commission for Antimicrobial
Susceptibility Testing (EUCAST); see Table S3† for a detailed
summary and comparison. Accordingly, we determined that
this GG allows for MIC determination of antimicrobials in a
concentration range of 0.016 mg L−1 to 0.125 mg L−1, which
is suitable for the vast majority of drug-pathogen
combinations according to EUCAST.60 To allow for a
complete on-chip AST, we modified the 3D-printed GG to
include “growth chambers”, which house the PRISM
photonic silicon chips, as shown in Fig. 5A-i and S6A.† These
PRISM chips are diffraction gratings consisting of periodic
arrays of square-shaped microwells, with dimensions of ∼4 ×
4 μm, as depicted by the scanning electron micrograph in
Fig. 5A-ii.

We demonstrate that the integration of these optical
sensing elements does not impair the dosing performance of
the 3D-printed GG (see Fig. S6B†), where the obtained
coefficients of determination (R2) are >0.994, similar to the
results obtained for the GG itself (Fig. 3B). Next, we
conducted a proof-of-concept on-chip AST study, where we
chose E. coli as our model pathogen, in light of the major
role it plays in causing UTIs (85–95% of reported cases) and
severe sepsis (17% of reported cases)61 and the emergence of
drug-resistant E. coli variants.62,63 The principle of the on-

Fig. 3 Characterization of the gradient generator using simulation and experimental gradient generating accuracy studies. (A-i) CFD simulation
using COMSOL Multiphysics® at a total flow rate of 1000 μL min−1. (A-ii) Photograph at the outlets of the 3D-printed gradient generator depicting
a two-fold dilution gradient using dye (source) and water (sink). (B) Relative concentrations for the six channels determined by CFD simulation and
experimental studies using a dye (blue ink), glucose, and ciprofloxacin as source solutions. Error bars indicate the standard deviation of three
consecutive experiments. Dashed lines indicate desired concentrations for each outlet.
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chip PRISM assay was as follows: In the GG-based PRISM
AST, E. coli and the highest tested antibiotic concentration
(here ciprofloxacin at 1 mg L−1) were both introduced into
inlet A (Fig. 5A-i), while only E. coli was introduced into inlet
B. Both suspensions were introduced into the heat-controlled
device at the designated flow rates for 5 min; the dosing was
achieved in the GG unit, and in the mixing unit, the
suspensions were homogeneously mixed before being
transferred onto the “growth chambers” that house the
photonic silicon chips. Please refer to the ESI† (Fig. S7)
demonstrating that such an experimental procedure in which
E. coli is exposed to the highest tested ciprofloxacin
concentration for 5 min before being diluted to the
designated antibiotic concentrations does not result in
flawed MIC values. The assay was operated at a cell density
value of McFarland 0.5 (a turbidity standard corresponding
to ∼108 cells mL−1), which is of high clinical relevance and
used to standardize the cell density in most clinical AST
assays18,64,65 and is either directly used for inoculation (agar-
based E-test)65 or further diluted (BMD and state-of-the-art
automated Vitek 2),18,66 as detailed in the ESI,† Table S4. By
avoiding the additional dilution step and directly using a cell
suspension at McFarland 0.5, the assay is simplified and
tailored for current clinical procedures and involves minimal
handling, which improves reproducibility and allows for high
throughput. Also, higher cell densities potentially allow a
faster time to growth detection and may better reflect
clinically relevant scenarios as microbial infections in the
human body are often caused by bacterial biofilms (large
number of interacting cells).67

The PRISM assay enables real-time monitoring of bacterial
growth by analyzing changes in the reflectance spectra of the
photonic chip over time.43,68 Fig. 5A-iii shows a characteristic
reflectance spectrum at a single time point, which is analyzed
to track bacterial growth by monitoring the 2nL value (where
n is the refractive index of the medium within the periodic
microwells, and L represents the depth of the wells) as
detailed in Fig. 1B. The resulting PRISM curves, depicting a
continuous change in 2nL vs. time, allow sensitive and
quantitative detection of changes in bacterial growth upon
exposure to antibiotics (see Fig. 5B-i). The MIC value is
defined as the lowest drug concentration at which no
increase in the 2nL occurs. Fig. 5B-i displays characteristic
PRISM curves of E. coli upon exposure to varying
ciprofloxacin concentrations generated on-chip (at a range of
0–1 mg L−1), where the percent changes in 2nL (Δ2nL) are
plotted over time. For both no and low antibiotic
concentrations (0–0.125 mg L−1), a continuous increase in
Δ2nL is observed (slope: ∼0.05 Δ2nL h−1), while at elevated
drug concentrations (0.25–0.5 mg L−1), the slope values
decrease (∼0.03 Δ2nL h−1), indicative of hindered bacteria
growth. At a concentration of 1 mg L−1 ciprofloxacin, the
slope remains largely unchanged, and as such, the PRISM
MIC value is determined to be 1 mg L−1. Fig. 5B-ii
summarizes the attained Δ2nL values after 90 min from three
independent PRISM experiments, and statistical analysis

Fig. 4 Comparison of GG-enabled BMD and manual reference BMD
for AST of (A) S. marcescens and ciprofloxacin, (B) E. coli K12 and
gentamicin and (C) C. auris and voriconazole. For bacterial species, the
MIC is defined as the lowest drug concentration that inhibits bacterial
growth determined visually and supported by absorbance
measurements at 600 nm. For C. auris, the MIC is defined as the
lowest drug concentration that induces a 50% growth inhibition
obtained from absorbance measurements at 530 nm, as emphasized
by the threshold line. For the GG-enabled BMD, five separately and
consecutively collected fractions (F1–F5) were tested against the
respective pathogens. For all reference BMD tests (ref.), every
concentration was tested with n ≥ 3; error bars depict the standard
deviation of these measurements. Growth in the absence of drug was
defined as 100% growth.
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(t-test) reveals significant differences between the MIC and
subinhibitory concentrations within 90 min.

Note also that the MIC determined by this on-chip PRISM
assay is higher compared to reference methods (see Table 2),
including both BMD and the automated Vitek 2 test. This
deviation is mainly attributed to differences in the inoculum

size, where larger initial inoculum is shown to result in higher
MIC values for many antibiotics,69 including ciprofloxacin.70–72

For example, Davey and Barza demonstrated that increasing
the inoculum from 105 to 107 CFU mL−1 results in a 4 to 32-
fold higher MIC value for E. coli and ciprofloxacin depending
on the tested strain.71 We demonstrate that this effect is also

Fig. 5 3D-printed gradient generator for PRISM experiments. (A-i) A photograph of the 3D-printed gradient generator device depicts the different
modules of the device, including a square-shaped (5.01 × 5.01 mm) unit for photonic silicon chip integration. The black dashed rectangle emphasizes
the integrated photonic silicon chips that (A-ii) feature a silicon diffraction grating of microwells with a width of ∼4 μm and a depth of ∼4 μm and (A-iii)
allows obtaining reflectivity spectra with characteristic interference fringes. (B-i) Characteristic PRISM growth curves (Δ2nL over time) from the six
growth chambers of the gradient generator for a two-fold dilution series (0–1 mg L−1) of ciprofloxacin (CIP) against E. coli. (B-ii) Δ2nL (%) endpoints from
three experiments (error bars = standard deviation) demonstrate that the MIC value can be determined within 90 min.

Table 2 MIC value for E. coli and ciprofloxacin obtained from the GG-based PRISM assay compared to other (reference) AST methods

Method Inoculum MIC Time

PRISM (gradient generator) McF. 0.5 (∼108 cells mL−1) 1 mg L−1 90 mina

Non-gradient PRISM (aluminum flow cell) 107 cells mL−1 0.05 mg L−1b 2–3 ha,b

Vitek 2 ∼107 cells mL−1 ≤0.25 mg L−1b 8 hb

BMD 5 × 105 cells mL−1 (used in reference BMD) 0.016 mg L−1 18 h
BMD McF. 0.5 (∼108 cells mL−1) 0.25–0.5 mg L−1 18 h

a The reduced assay time of 90 min compared to 2–3 h is ascribed to the higher cell concentration (shift from 107 cells mL−1 to ∼108 cells
mL−1), which facilitates a more rapid signal detection. b Value retrieved from our previous work.43
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apparent for the BMD (Table 2); when changing the cell density
from 5 × 105 cells mL−1 to ∼108 (McFarland 0.5), the MIC value
increases from 0.016 to 0.25–0.5 mg L−1.

Yet, the obtained MIC for the GG-enabled PRISM assay is
∼two-fold higher (1 mg L−1) in comparison to the latter values;
this is ascribed to the obvious differences in the growth
environment. While the BMD analyzes bacterial growth in a
liquid medium, the PRISM assay monitors bacteria behavior
on and within the silicon microtopologies – which, in fact, may
reflect more clinically-relevant scenarios since an estimated
∼80% of chronic and recurrent microbial infections in the
human body are due to bacterial biofilms.67 Thus, the higher
MIC values did not impair the functionality of the assay, and
we suggest calibrating our system for important pathogen-drug
combinations with strains that are known to be susceptible or
resistant. Isolates with unknown behavior could be classified
in accordance with their MIC into “resistant” and “susceptible”
categories while still benefitting from the profoundly
accelerated (≤90 min) MIC determination at higher cell
densities. It should be noted that such calibration is required
for all AST methods, including the gold-standard BMD,73 as
well as the automated systems, such as the Vitek 2.74

In comparison to other recently developed microfluidic AST
systems, which often still require several hours for
completion,9,10,22,24,28 our GG-based PRISM assay enables rapid
analysis within 90 min with minimal sample handling. It is
equivalent or inferior in terms of assay time to some
microfluidic AST methods relying on sophisticated single-cell
analyses.13,75,76 For example, single-cell imaging of bacteria
entrapped in microfluidic channels allowed to differentiate
between resistant and susceptible isolates by monitoring their
growth at breakpoint antibiotic concentrations within only 30
min.26 Indeed, working at the single cell level allows to detect
changes at high resolution (e.g., in the cell morphology) in
short timescales, in contrast to phenotypic tests based on
detecting bulk bacterial growth. Yet, it is it controversial
whether the behavior of single immobilized or confined (in a
microchannel) cells is representative of a bacterial
population,76 and as such how many cells should be
analyzed.75 In contrast to the latter methods, the PRISM signal
represents the averaged behavior of a large population of cells,
colonizing on the chip that are free to move, interact and form
a community. Moreover, the method is label-free and does not
require additional reagents as many microfluidic-assisted
phenotypic AST techniques e.g., resazurin for metabolic
analysis,28,75,76 and it employs a simple and portable optical
setup, which can be further miniaturized.

Thus, while assay time is a critical parameter for AST,
there are many considerations that should be carefully
weighed when designing a clinically applicable AST
technique for point-of-care settings.

Conclusions

In this paper, we demonstrate a 3D-printed microfluidic
gradient generator that is suitable for rapid and label-free

phenotypic AST using integrated photonic silicon chips.
Both the performance and accuracy of this GG device were
comprehensively assessed and confirmed using several
different model fluids, and GG-enabled BMD testing was
conducted using three different pathogen-drug
combinations.

For rapid optical AST, the bacteria were colonized on
microstructured photonic silicon chips – which, when
integrated into the GG-system, also provided the optical
transducer elements. Bacterial growth at defined antibiotic
concentrations was monitored in real-time by observing
changes in the reflectivity spectra collected from the
photonic silicon chips. Using the GG-based PRISM assay
and E. coli and ciprofloxacin as a model pathogen-drug
combination, we demonstrated that MIC value
determination is feasible within 90 min. Therefore, this
assay is significantly faster than the current gold standard
BMD and classical agar-based methods (≥16 h), and we
believe that it paves a clear path toward more convenient
and expeditious point-of-care AST procedures.

To the best of our knowledge, this is the first
demonstration of a microfluidic GG-device that automatically
creates desired and clinically relevant two-fold antimicrobial
dilutions integrated with an optical sensing element for
label-free phenotypic monitoring of bacterial behavior. While
this assay was demonstrated for E. coli and ciprofloxacin, we
envision that it could potentially be extended to a number of
other species and antimicrobials as well – since we have
shown that AST of different pathogen-drug combinations on
these photonic silicon chips is feasible.43,44

We acknowledge that the MIC value obtained from the
GG-based PRISM assay is higher than that obtained using
reference methods, and also that calibration of our system
will be required to guide clinical treatment decisions.
Accordingly, future research on calibrating our platform with
pathogens of known resistant or susceptible behavior will be
required. In the future, however, we envision that GG design
will be flexibly adjusted (i.e., via rapid prototyping achieved
through 3D printing) for other gradients (e.g., linear) as well
as through the integration of different sensing elements. This
would facilitate rapid characterization of various (bio)sensors
– in terms of both binding affinities and performance –

under varying conditions, including different buffer
compositions and target concentrations.
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S1. 3D Printing: Orientation and Repeatability 

 
Figure S1. Orientation of the 3D model in the printing software “3D sprint”. The large flat bottom surface is oriented towards the 
printing platform, and the inlets are facing upwards. 
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Results 

 

The printing accuracy was determined as follows: 3D models with open channels of different heights (300 µm, 500 µm, and 
750 µm) were designed and 3D-printed in different directions (x, y, z). Using a digital microscope (VHX-6000, Keyence GmbH, 
Neu-Isenburg, Germany), height profiles were recorded using the options “depth composition” and “profile” (100x 
magnification). The channel height was determined as the height difference between the top and the bottom of the structure.  

 

Figure S2. 3D visualization of the 3D-printed open channel with a designed height of 500 µm recorded by digital microscopy. The 
scale bar indicates 500 µm.  

 

Table S1. Design vs. measured heights for different printing orientations (standard deviation for n=3). 

Design (µm) X (µm) Y (µm) Z (µm) 

300 305±10 314±8 282±1 

500 489±13 499±9 475±3 

750 729±11 750±11 720±4 
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S2. Fabrication of Microwell Photonic Silicon Chips  

1. 4-inch silicon wafers (Siltronix, France) with a SiO2 layer (hard mask) of ~1000 Å thickness were used for the fabrication of the 
microwell photonic silicon chips. 

2. Vaporized hexamethyldisilazane (HMDS) acting as an adhesion promoter was applied to the wafer before a positive photoresist 
AZ1512 was applied, and the wafer was baked at 110 °C for 90 s. All processes were performed using an automatic coater (Delta 
80 Rc, SUSS Microtec, Germany). 

3. Laser writing using a laser lithography system (DWL 66+, Heidelberg Instruments, Germany) was used to pattern the desired 
microstructure for the following etching procedures. 

4. Tetramethylammonium hydroxide (TMAH) 10 % as developer reagent was added to the wafer dissolve residual photoresist 
using an automatic developer (Delta 8+, SUSS Microtec, Germany). 

5. Reactive ion etching (Plasma-Therm Etching System 790, Plasma-Therm LLC, USA) was used to open the hard mask (SiO2) at 
the designated positions before deep reactive ion etching (Plasma Etcher Versaline, Plasma-Therm LLC, USA) was applied to etch 
the microwell structure into the silicon substrate.  

6. Residual photoresist and hard mask were removed from the areas that were not exposed to light and etched. For this purpose, 
the wafer was treated with 1-Methyl-2-pyrrolidon (NMP) for 25 min at 70 °C, MLO 07 for 15 min at 70 °C, piranha solution 
(H2SO4:H2O2 = 2:1), and buffer oxide etchant (BOE) for 5 min.  

7. RCA cleaning of the wafer was performed. For this purpose, the wafer was treated with piranha solution (H2SO4:H2O2 = 2:1) for 
10 min, diluted HF solution HF(49 %):H2O (1:50) for 10 s and NH4OH(30 %):H2O2(30 %):H2O (1:1:4) at 75 °C. 

8. The resulting wafers were coated again with photoresist to protect their microstructure during the dicing procedure into 5 × 5 
mm chips using an automated dicing saw (DAD3350, Disco, Japan).  

9. The photonic silicon chips were washed with acetone to remove the photoresist and oxidized for 1 h at 800 °C in a furnace 
(Lindberg/Blue M 1200 °C Split-Hinge, Thermo Scientific, USA). 
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S3. Gradient Generator Design and Principle 
For a gradient generator with 𝑛𝑛 outlets, each outlet 𝑂𝑂𝑂𝑂𝑡𝑡𝑖𝑖  is supposed to carry the same volume flow. Thus, for 
incoming inflows 𝑄𝑄𝐴𝐴 and 𝑄𝑄𝐵𝐵with relative concentrations of 𝑐𝑐𝐴𝐴 = 1 and 𝑐𝑐𝐵𝐵 = 0, respectively, the total flow rate 𝐶𝐶 is 

𝐶𝐶 = 𝑄𝑄𝐴𝐴 + 𝑄𝑄𝐵𝐵  
(1) 

 
Accordingly, the total flow rate of each outlet 𝑖𝑖  is 

1
𝑛𝑛 𝐶𝐶 = 𝑄𝑄𝐴𝐴𝑖𝑖 + 𝑄𝑄𝐵𝐵𝑖𝑖  

(2) 

With 

�𝑄𝑄𝐴𝐴𝑖𝑖 = 𝑄𝑄𝐴𝐴 
𝑛𝑛

𝑖𝑖=1

 

(3) 

�𝑄𝑄𝐵𝐵𝑖𝑖 = 𝑄𝑄𝐵𝐵 
𝑛𝑛

𝑖𝑖=1

 

(4) 

Each concentration can be described as a mixing ratio 𝑎𝑎 to 𝑏𝑏. For instance, a concentration of 0.25 requires a mixing 
ratio 𝑎𝑎 = 1 and 𝑏𝑏 = 3. Since the mixing ratio of a mixing level 𝑖𝑖 is 

𝑄𝑄𝐴𝐴𝑖𝑖
𝑄𝑄𝐵𝐵𝑖𝑖

=
𝑎𝑎
𝑏𝑏 

(5) 

Regarding equation (2), the sum of two flow rates needs to result in 1
𝑛𝑛
𝐶𝐶. We define 𝑃𝑃𝑖𝑖,𝐴𝐴 as the fraction from A on the 

mixture at outlet 𝑖𝑖 and 𝑃𝑃𝑖𝑖,𝐵𝐵  vice versa. 

𝑃𝑃𝑖𝑖,𝐴𝐴
𝑛𝑛(𝑃𝑃𝑖𝑖,𝐴𝐴 + 𝑃𝑃𝑖𝑖,𝐵𝐵)𝐶𝐶 +

𝑃𝑃𝑖𝑖,𝐵𝐵
𝑛𝑛(𝑃𝑃𝑖𝑖,𝐴𝐴 + 𝑃𝑃𝑖𝑖,𝐵𝐵)𝐶𝐶 =

1
𝑛𝑛 𝐶𝐶 

(6) 

 
The sum of all fractions is calculated as 

𝑃𝑃𝐴𝐴 = �
𝑃𝑃𝑖𝑖,𝐴𝐴

𝑛𝑛(𝑃𝑃𝑖𝑖,𝐴𝐴 + 𝑃𝑃𝑖𝑖,𝐵𝐵)

𝑛𝑛

𝑖𝑖=1

 

(7) 

𝑃𝑃𝐵𝐵 = �
𝑃𝑃𝑖𝑖,𝐵𝐵

𝑛𝑛(𝑃𝑃𝑖𝑖,𝐴𝐴 + 𝑃𝑃𝑖𝑖,𝐵𝐵)

𝑛𝑛

𝑖𝑖=1

 

(8) 

The second flow rate 𝑄𝑄𝐵𝐵 can be calculated for a given flowrate 𝑄𝑄𝐴𝐴as 

𝑄𝑄𝐵𝐵 =
𝑃𝑃𝐵𝐵
𝑃𝑃𝐴𝐴

· 𝑄𝑄𝐴𝐴 
(9) 

The mixing channels of each level 𝑖𝑖 are parallelized resistances/ lengths. Therefore, the length of each side of a level is 
inversely proportional to the fraction of each flow rate. 

𝐿𝐿𝑖𝑖,𝐴𝐴 =
1
𝑃𝑃𝑖𝑖,𝐴𝐴

𝑛𝑛(𝑃𝑃𝑖𝑖,𝐴𝐴 + 𝑃𝑃𝑖𝑖,𝐵𝐵)

 (10) 

𝐿𝐿𝑖𝑖,𝐵𝐵 =
1
𝑃𝑃𝑖𝑖,𝐵𝐵

𝑛𝑛(𝑃𝑃𝑖𝑖,𝐴𝐴 + 𝑃𝑃𝑖𝑖,𝐵𝐵)

 (11) 
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For clarity, the length of each channel can be normalized to the first channel of a side 

𝐿𝐿𝑖𝑖,𝐴𝐴𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 =
𝐿𝐿1,𝐴𝐴
𝐿𝐿𝑖𝑖,𝐴𝐴

 (12) 

𝐿𝐿𝑖𝑖,𝐵𝐵𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 =
𝐿𝐿1,𝐴𝐴
𝐿𝐿𝑖𝑖,𝐵𝐵  

 (13) 

 
The resulting parameters for a six-outlet, two-fold dilutions series gradient generator are summarized in Table S1. For 

a total flow rate of 1000 µL min-1 𝑄𝑄𝐴𝐴 and 𝑄𝑄𝐵𝐵 are 323 and 677.3 µL in-1, respectively, as 𝑃𝑃𝐵𝐵
𝑃𝑃𝐴𝐴

 is approximately 2.096. 

 
Table S2: Summary of mixing ratio parameters a and b as well as resulting relative lengths for an exponential (two-fold dilution 
series) gradient generator. 

Mixing level i Relative concentration a b 𝑳𝑳𝒊𝒊,𝑨𝑨𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏 𝑳𝑳𝒊𝒊,𝑩𝑩𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏 

1 1 1 / 1 / 

2 0.5 1 1 2 2 

3 0.25 1 3 4 1.333 

4 0.125 1 7 8 1.143 

5 0.0625 1 15 16 1.066 

6 0 / 1 / 1 
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Figure S3. Detailed technical drawings of (A) the gradient generator unit and (B) the micromixer unit of the microfluidic gradient 
generator device. All dimensions (grey) are stated in mm. 
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S4. Gradient Generator Characterization 
To study the impact of micromixers on the gradient accuracy and concentration homogeneity at each outlet, we 
performed CFD simulations with and without integrated HC-micromixers. As depicted in Figure S1, the results indicate 
that the averaged concentration is the same with and without micromixer integration. However, for on-chip 
measurements, we recommend micromixer integration since high inhomogeneities appear in outlets numbers 2-5 at 
the chosen flow rate of 1000 µL min-1 when no micromixers are integrated. 

 

Figure S4. Impact of HC-micromixers on gradient accuracy and concentration homogeneity at each outlet. CFD simulations at a 
total flow rate of 1000 µL min-1 were used to determine the concentration at each outlet with and without integrated 
micromixers. Error bars indicate the standard deviation of the concentration distribution at each outlet. Low standard deviations 
indicate high homogeneity, while high standard deviations indicate low homogeneity. 
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For experimental flow rate determination, deionized water was introduced at a total flow rate of ~1000 µL min-1 (677.3 µL min-1 
+ 323 µL min-1) and collected from every outlet for 1 min and weighted using an analytical balance (BCE 224l-1S, Sartorius AG, 
Göttingen, Germany). The flow rate was determined using 1 g mL-1 as the density of water. 

 

 
Figure S5. Experimental evaluation of flow rates at each outlet. Error bars indicate the standard deviation of three experiments. 
The total flow rate of 940 µL min-1 is consistent with the initial flow rate of 1000 µL min-1. The slight discrepancy may be explained 
because the fluids cannot be continuously collected from the outlets as they emerge only drop by drop.  
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S5. GG-enabled BMD results 
Table S3 Summary and comparison of MIC values obtained by GG-enabled BMD, manual reference BMD, and MIC values 
published by EUCAST. 

Pathogen - Drug Combination 
GG-enabled BMD. 

(MIC) 
Reference BMD 

(MIC) 
EUCAST Data 

(MIC)c) 

S. marcescens vs. ciprofloxacin 0.0625 mg L-1 0.0625 mg L-1 a) 0.008 – 0.25 mg L-1 [1] 

E. coli vs. gentamicin 0.125 mg L-1 0.125 mg L-1 a) 0.008 – 2 mg L-1 [1] 

C. auris vs voriconazole 0.016 mg L-1 0.016 mg L-1 – 0.03 mg L-1 b) 0.008 – 4 mg L-1 [2] 

a) Three BMD tests, each with n ≥3 wells for every concentration tested; b) five BMD assays, each with n ≥3 wells 
for every concentration tested; c) MIC range for susceptible wild-type bacteria and entire range for C. auris. 

 

 
  

114



Results 

 

S6. GG-enabled PRISM assay 

 
Figure S6. Microfluidic GG device for photonic silicon chip integration. (A) Technical drawing of the GG that has been modified 
for photonic silicon chip integration. The individual integration of the chips (size 5 x 5 mm) is enabled by six square-shaped 
chambers (size 5.1 x 5.1 mm) that are open to their bottom. (B) Importantly the chip integration does not impair the gradient 
generating accuracy as accurate gradients with high coefficients of determination (R2) of 0.9966 (dye), 0.9967 (glucose), and 
0.9941 (ciprofloxacin) are obtained. All calibration curves were accurate with R2 ≥ 0.999. 
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In the GG-based PRISM assay, suspensions of E. coli (McFarland 0.5) and 1 mg L-1 ciprofloxacin (source fluid) and 
E. coli (McFarland 0.5) without antibiotic (sink fluid) are introduced for 5 min into the GG-device before the bacteria are 
given 10 minutes to settle within the microstructure, and the optical assay (PRISM) is initiated. To confirm that such an 
experimental procedure in which the bacteria are exposed to the highest tested ciprofloxacin concentration for 5 
minutes before being diluted to the designated antibiotic concentrations does not cause flawed MIC values, a standard 
BMD with E. coli (McFarland 0.5) and ciprofloxacin (Figure S4A) and a modified BMD (Figure S4B) for this pathogen drug 
combination were performed. In the modified BMD, E. coli (McFarland 0.5) is incubated at 1 mg L-1 ciprofloxacin for 5 
minutes before a two-fold dilution series is performed in cell suspensions at the same cell density to reach the 
designated antibiotic concentrations. As demonstrated in Figure S4, for both procedures, the same MIC value is 
obtained. 

 

Figure S7. Comparison of BMD results for E. coli (McFarland 0.5) and ciprofloxacin (CIP) for (A) a standard procedure and (B) a 
modified BMD in which the bacteria are exposed for 5 minutes to the highest tested antibiotic concentration (CIP: 1 mg L-1) before 
being diluted to the designated antibiotic concentrations. The MIC was defined as the lowest antibiotic concentration at which 
no growth was visible. 
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A typical clinical workflow consists of pathogen isolation from the patient and identification, which precede the AST step.3,4 Thus, 
culturing remains a prerequisite for AST, and typically, the inoculum for AST is prepared from microbial cultures grown on agar plates 
overnight and standardized to a cell density corresponding to the McFarland 0.5 standard, see Table S4. Thus, our assay and the use 
of McFarland 0.5 is tailored to the clinical workflow and highly suitable for application in clinical settings. 

Table S4. Comparison of the GG-based PRISM assay to gold standard BMD and commercialized clinically relevant AST methods. 

Method Principle Sample Matrix Test Matrix 
Cell Density 

Standardization 
Inoculum Time 

GG-based 
PRISM 

Refractive index changes 
within a silicon diffraction 

grating 

Colonies from 
fresh agar 
medium 

Microstructured 
photonic silicon sensors 
in liquid growth medium 

McFarland 0.5 
(108 cells mL-1) 

McFarland 0.5 90 min 

Gold Standard 
BMD5,6 

Visual or 
spectrophotometric 

observation of turbidity 

Colonies from 
fresh agar 
medium 

 

Liquid growth medium McFarland 0.5 5 x 105 cells mL-1 18 h 

State-of-the-
Art 

Vitek 27,8 

Automated turbidity 
measurements 

Colonies from 
fresh agar 
medium 

 

Liquid growth medium McFarland 0.5 ~107 cells mL-1 8 h 

Agar-based 
Etest9,10 

Zone of inhibition around 
a strip with an antifungal 

gradient 

Colonies from 
fresh agar 
medium 

Agar plate McFarland 0.5 McFarland 0.5 16 - 20 h 
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6 Discussion 
This chapter aims to critically discuss this thesis work and highlight its strengths and remaining scientific 

and technological gaps. 

Advantages of iPRISM for AFST 

The application of photonic silicon chips for rapid AFST of the mould model species A. niger and the 

emerging yeast pathogen C. auris by label-free monitoring of intensity changes in the white light reflectance 

(iPRISM) in real-time was established. Using the iPRISM assay, MIC values for clinically relevant 

antifungals (voriconazole, amphotericin B, and anidulafungin) were expeditiously determined within 

10 – 12 h (A. niger) and ≤ 6 h (C. auris). Therefore, the iPRISM provides a significant time reduction 

compared to the gold standard BMD (48 h for A. niger and 24 h for C. auris)16,19 and the automated state-

of-the-art Vitek2 system (typically 12 – 18 h for yeasts).20,21 In addition, the small size of the photonic 

silicon chips allows integration into microfluidic systems, and the chip microstructure can be tuned for the 

size and morphology of different microorganisms. 

Are iPRISM MIC values consistent with the gold standard AFST? 

In most cases, the determined MIC values were higher in the iPRISM assay compared to the gold standard 

BMD but agreed with the expected MIC value range for the respective pathogen-drug combinations. These 

elevated MIC values are mainly ascribed to the distinct growth environments, where the iPRISM assay 

provides a microstructured surface with which the fungi may interact while the BMD tests the growth of 

fungi suspended in a liquid growth medium. Another important aspect concerns the reproducibility of the 

assay. While the presented iPRISM method is highly reproducible under the tested conditions (same 

operator, same batch of growth medium and antifungal stock) in terms of MIC determination, the error of 

this assay under varying conditions (e.g., different setting and operator) will need to be investigated in the 

future. Such studies appear crucial as even in the gold standard BMD, inter- and intra-laboratory variations 

are often described.43,44  

Importance of chip design for targeting different microorganisms  

The design of the silicon microstructure is of great importance as it defines where the various tested 

microorganisms (e.g., mould, yeast, bacteria) colonize on the photonic silicon chip. In this research, the 

microstructure was first carefully designed (width: ~ 3 µm depth: ~ 4 µm) to capture the conidia of A. niger 

within the wells and to allow hyphal growth on top of the microwell structure. Subsequently, the dimensions 

were enlarged (width: ~4 µm and depth: ~ 4 µm) to confine most of the larger C. auris cells within the 

microstructure. Thus, the assay represents a universal platform that can potentially be extended and adjusted 

for growth monitoring of other important fungal pathogens, where even larger organisms like 

Candida albicans (length: ~ 6 µm and width: ~ 5 µm45) could reside and colonize within the microwells. 
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However, the silicon microstructures can potentially also be used for size exclusion where only specific 

microorganisms can grow within the microstructure, while larger species remain on the top of the 

microstructure with the result that distinct growth profiles (2nL and intensity changes) can be obtained. 

Can (i)PRISM go beyond susceptibility testing? 

Compared to most standard methods for susceptibility testing, which only monitor growth by one parameter 

(typically turbidity or visual growth on agar), the presented assay allows the monitoring of two parameters, 

namely, the intensity of the reflected light (iPRISM) and the 2nL value (PRISM). Thus, the optical platform 

allows for establishing a “playground for microbes” and can potentially distinguish different types of 

pathogens by their unique behaviour and signals from the chips. For example, bacterial species such as 

E. coli cause an increase in the 2nL value, while for yeast species such as C. auris and S. cerevisiae, a 2nL 

decrease is observed. At this stage, we were not able to pinpoint the underlying mechanism for these 

observations, and future studies should be directed at unravelling the physical principles behind this 

phenomenon by carefully correlating the yeast behaviour with the 2nL signal. Nevertheless, considering 

the work by Leonard et al., who show distinct behaviours and varying intensity and 2nL changes for various 

microbial species on different functionalized microstructures,46 the application of (i)PRISM for obtaining 

species-specific growth profiles and subsequent species differentiation or even identification is envisioned.   

The combination of species identification and susceptibility testing in one assay on the same chips would 

represent a breakthrough and disrupt the current clinical workflow consisting of pathogen isolation, 

identification, and susceptibility testing, and its feasibility will need to be investigated in further studies. In 

terms of fungal pathogen diagnostics, this optical platform could potentially present a valuable tool for the 

differentiation of bacterial species and pathogenic yeast, for example, in urinary tract infections in which 

emerging incidences of fungal infections are observed.47  

Towards point-of-care: 3D-printed microfluidics for integrated and automated AST as a solution? 

The main limitation of the (i)PRISM assay is that, to date, it was only established for susceptibility testing, 

which is the last step in a lengthy clinical workflow and preceded by pathogen isolation and species 

identification. Thus, the successful combination of these various steps, including required preparation 

operations (e.g., concentrating cells, adjusting the inoculum, generation of the antimicrobial dilution series), 

into a miniaturized holistic and automated device is considered essential to perform AST as a point-of-care 

diagnostic test.14,31 Realizing this gap that exists in all current A(F)ST methods, a 3D-printed microfluidic 

system that automatically generates the desired two-fold dilution series of antimicrobials was designed. 

Furthermore, this gradient generator was interfaced with the photonic silicon chips and the assay was 

tailored to current clinical procedures for convenient, phenotypic, on-chip AST.  Using the pathogen-drug 

combination E. coli and ciprofloxacin, the MIC was determined within 90 minutes compared to 8 – 24 h in 
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current clinical procedures.39 Thus, this gradient generator emphasizes how 3D printing can be used to 

coalesce different functional units. However, to evolve the presented microfluidic device into a system truly 

applicable for point-of-care testing, existing gaps need to be closed. For example, the miniaturization of the 

periphery (e.g., pumps, syringes and tubing) and the integration of additional unit operations 

(e.g., concentrating cells, adjusting cell density) is required and suggested for future work. In combination 

with the concept of a  “microbial playground” for species identification, such an improved device could 

represent a powerful tool to replace the lengthy clinical workflow for AST by including all required steps 

into one holistic, automated microfluidic system. 
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7 Conclusion and Outlook 
The main achievements presented in this work are the following: 

A rapid AFST for the mould model species A. niger is presented. Morphological changes of this fungal 

species at a liquid-solid interface at varying antifungal concentrations are optically monitored in real time 

and in a label-free manner by using the iPRISM assay. MIC values are successfully determined for two 

antifungal agents with different mechanisms of action within 10 h (amphotericin B) and 12 h 

(voriconazole), respectively. Thus, iPRISM provides a rapid alternative (time reduction >36 h) to the gold 

standard BMD, which typically takes 48 h. 

The optical platform is extended to a morphologically distinct fungal microorganism - the yeast Candida 

auris - a species which is often multi-drug resistant. The microwell dimensions of the microstructure were 

rationally designed and enlarged to confine most of the yeast cells within the structure. Tracking the fungal 

growth at varying antifungal concentrations by iPRISM enables AFST and MIC determination within 3.5 h 

for anidulafungin and 6 h for amphotericin B, a time reduction of > 18 h compared to the BMD that typically 

requires 24 h for yeast species. 

A 3D-printed microfluidic gradient generator made from a biocompatible polyacrylate material for 

automated dilution of the desired antimicrobial concentrations is presented. The generator is first applied 

for gold standard BMD testing of different pathogen-drug combinations and then interfaced with the 

photonic silicon chips to provide an automated, on-chip, and label-free phenotypic assay for rapid AST. 

Using the bacterial species E. coli and the antibiotic ciprofloxacin, the MIC is successfully determined 

within 90 minutes by PRISM and monitoring 2nL changes. Thus, the gradient generator-enabled PRISM 

assay provides an expeditious alternative to current clinical practices for bacterial species, which require 

up to 24 h. 

The various pathogens studied in this research show distinct morphological behaviours with different 

intensity and 2nL signals. These varying signals for A. niger (only intensity decrease) C. auris (2nL 

decrease and intensity decrease), and E. coli (2nL increase and intensity decrease) emphasize that the 

photonic silicon chips can potentially be employed as a “microbial playground” for species identification.  

While future research will need to be directed at developing such an optical assay for species 

differentiation/identification, this could represent a breakthrough for the clinical A(F)ST procedure, as 

pathogen identification is a prerequisite for susceptibility testing in current workflows. 

Finally, to develop a diagnostic system for convenient point-of-care susceptibility testing that is as easy to 

use as a COVID-19 rapid antigen test, the different parts presented in this thesis – namely rapid A(F)ST, a 

“microbial playground” for species identification and different operations provided by 3D-printed 

microfluidics – will need to come together in a holistic, integrated diagnostic device.
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