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Optical Trapping and Fast Discrimination of Label-Free
Bacteriophages at the Single Virion Level

Nicolas Villa,* Enrico Tartari, Simon Glicenstein, Hugues de Villiers de la Noue,
Emmanuel Picard, Pierre R. Marcoux, Marc Zelsmann, Grégory Resch, Emmanuel Hadji,
and Romuald Houdré

There is a recent resurgence of interest in phage therapy (the therapeutic use
of bacterial viruses) as an approach to eliminating difficult-to-treat infections.
However, existing approaches for therapeutic phage selection and virulence
testing are time-consuming, host-dependent, and facing reproducibility
issues. Here, this study presents an innovative approach wherein integrated
resonant photonic crystal (PhC) cavities in silicon are used as optical
nanotweezers for probing and manipulating single bacteria and single virions
with low optical power. This study demonstrates that these nanocavities
differentiate between a bacterium and a phage without labeling or specific
surface bioreceptors. Furthermore, by tailoring the spatial extent of the
resonant optical mode in the low-index medium, phage distinction across
phenotypically distinct phage families is demonstrated. The work paves the
road to the implementation of optical nanotweezers in phage therapy
protocols.
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1. Introduction

Inappropriate antibiotic use and the lack
of drugs acting through novel mechanisms
hinder the management of ever-evolving
difficult-to-treat infections.[1–4] This chal-
lenge has been characterized as under-
pinning an impending major threat to
human health.[5,6] The therapeutic use
of species-specific bacterial viruses called
bacteriophages (or phages) represents a
promising potential intervention. This ap-
proach, termed phage therapy, has been
regaining interest lately.[7] While many
case reports and series support phages
as promising adjuvants or alternatives to
antibiotics,[8–13] recent clinical trials results
advocate for the development of individual-
ized approaches to improve outcomes.[14–17]

The realization of a personalized approach
will require a fast and efficient selection of phages that affect the
bacterial strain infecting a particular patient from a phage library
that may include>100 different phages.[18] Rapid phage suscepti-
bility testing (PST) and phage characterization advancement are
essential for achieving the phage selection necessary for imple-
mentation of phage therapies.[19–21]

Classical PST methods involve diluted drop/spot or turbidity
assays. Currently, PST is conducted primarily with phagograms,
arrays analogous to antibiograms for antibiotic susceptibility
testing.[22] Although simple, these methods require 16–24 h of
incubation at 37 °C to obtain a readable result and they do not
provide information beyond virulence. Although mass spectrom-
etry and flow cytometry techniques have been used in efforts
to improve phage characterization efficiency,[23–25] their use is
constrained by their dependence on pre-labeled phages, costly
equipment, and reagents; and they have reproducibility and time
limitation issues.[20,25] Innovative approaches enabling label-free
single-cell studies could help to overcome current obstacles to
phage selection.

The field of optical trapping emerged from the pioneering
work of Ashkin, who proposed to use light as an optical tweezer to
manipulate bacteria and viruses.[26] However, free-space optical
tweezers are inherently limited due to light diffraction, require
bulky and expensive benchtop equipment, and use high-power
lasers that risk subjecting viruses to photodamage.[27,28] The re-
cent emergence of near-field optics is enabling the engineering
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of nanoscale optical fields that make object manipulation with
low optical power possible; such fields can be used for optical
tweezing that can be fully exploited at small dimensions.[29] Har-
nessing these advancements, efficient optical traps integrated
within dielectric substrates have been used to observe and ma-
nipulate microbiological entities.[30–34] However, it remains very
difficult to retrieve information about the object being trapped,
such as its size or morphology, without additional bulky and time-
consuming analytical tools.

Here, we report on-chip optical trapping of bacteria and, for
the first time, phage trapping and differentiation with 2D hollow
resonant dielectric photonic crystal nanocavities. Trapping and
sensing are achieved with a lab-on-a-chip (LOC) platform by tai-
loring the resonant optical mode profile to extend into the low-
index medium, thus generating strong electromagnetic field in-
teractions with biological entities. The interactions produced en-
hance the biological entities resonant-mode perturbation, result-
ing in unambiguous differentiation between bacteria and phages,
as well as among phages from phenotypically distinct families.
Silicon transparency in the near-infrared (NIR) spectral range,
the hollow nature of optical nanocavities, and the dynamism of
light-matter interactions enable manipulation with very low op-
tical power. Our LOC platform allows rapid and reproducible
identification of phenotypic properties both at the single-phage
or single-bacterium level. On one hand, single-bacterium trap-
ping can yield fast PST necessary for the selection of the most
efficient phages. On the other hand, single-phage trapping could
provide the fast quantitative determination, prior to administra-
tion, of all the different active phages in a given cocktail based
on a host-free phenotypic characterization.[35] These two types of
testing are both based on either previously isolated and identified
bacteria suspended in nutritive broth, or on purified therapeutic
phages. This means that both tests can be performed in the mi-
crofluidic channels of our optofluidic lab-on-a-chip. Therefore,
the presented work can contribute effectively to the progress cru-
cially needed for personalized phage therapy.

2. Results and Discussion

2.1. Lab-on-a-Chip and Sensing Mechanism

As depicted in Figure 1a, our LOC is comprised of three layers:
a silicon-on-insulator photonic chip with suspended 2D hollow
PhC cavities that serve as optical traps; an SU-8 microfluidic cir-
cuit layer that enables the transport of biological suspensions;
and a glass coverslip that seals the optofluidic chip while allow-
ing for optical imaging. Fluids are injected and collected via in-
let and outlet tubes on a polydimethylsiloxane interconnect. The
microfluidics can be filled and flushed in a few minutes, e.g.
≈5 min, which is the response time limiting factor (see Support-
ing information Microfluidic circuitry). A tunable laser injects
NIR light into the photonic chip via the input fiber. The output
fiber collects and sends transmitted light to a photodiode that
records its power (T) over time. For fabrication technology de-
tails, see the Experimental Section.

The PhC membrane is a triangular lattice of holes of ra-
dius r and periodicity a (a = 0.42 μm, r/a = 0.262) compris-
ing a W1 access waveguide (Figure 1b,c). Several parameters

must be addressed when designing optical resonators for on-chip
optical trapping. The resonance wavelength and quality factor
are paramount properties of PhC cavities. In particular, a cavity
with a very narrow linewidth can be disadvantageous for acquir-
ing relevant information about different objects. Furthermore,
one must pay attention to the overlap between the optical field
and the low-index medium to design efficient integrated opti-
cal tweezers. Increasing the overlap enhances nanoscale light-
matter interactions, thus strengthening trapping and analysis
performance.

Here, we designed and evaluated two types of PhC cavities
(H2 hollow cavity or L3 slot cavity) as shown in the scanning
electron microscopy (SEM) images in Figure 1b,c. H2 cavities,
first employed for biosensing by Fauchet et al.,[36] were subse-
quently used as optical tweezers to demonstrate the self-induced
back action (SIBA) mechanism with a dielectric optical resonator
and to differentiate the Gram type of bacterial species.[37,38] A
guided-mode expansion simulation[39] of an H2 cavity that sup-
ports a resonant mode with part of the optical field overlapping
with the central hole is shown in Figure 1d; the field maxima
are retained in the silicon layer. In parallel, we designed an L3
slot cavity with a resonant optical mode that extends signifi-
cantly into the low-index medium with an intense lobe at each
end of the slot (Figure 1e). In our LOC, the H2-cavity central
hole has a radius of 0.35 μm and the L3 cavity slot is 0.66 μm
long and 0.16 μm wide. According to the spectra normalized to
the resonance transmission value, the H2 cavity displays a res-
onance wavelength of 𝜆H2

res = 1561.9 nm with a quality factor of
QH2 ≈ 3000, and the L3 cavity is resonant at 𝜆L3

res = 1565.1 nm
with a quality factor of QL3 ≈ 1300 (Figure 1f,g, respectively). The
difference in quality factors between the cavities is due to larger
radiation losses for the L3 cavity arising from the low-index loca-
tion of its resonant mode. The optical power coupled to both cav-
ities in resonance is estimated to be in the range of 0.7–1.0 mW,
after accounting for insertion/propagation losses and the evanes-
cent coupling efficiency between the W1 waveguide and the
cavity.

When the laser wavelength is tuned to match a cavity’s reso-
nance, evanescent coupling with the W1 waveguide excites the
corresponding resonant optical mode, thereby activating the op-
tical trap. A representative example of a normalized transmission
measurement of a bacterium trapped in an H2 hollow PhC cavity
is shown in Figure 1h. Briefly, the optical output power recording
for each trial starts while the tunable laser is off, thus producing
a zero transmitted value (OFF, black). A few seconds later, the
tunable laser is switched on, exciting the optical mode at reso-
nance (𝜆exc = 𝜆res). The corresponding transmitted power then
proceeds to increase up to the empty cavity resonance level (ON,
green).

The optical mode is then perturbed as soon as an object gets
trapped, causing the transmission to increase to a greater value
Tshift (TRAPPING, red). The inset in Figure 1h presents the
cavity’s spectral characteristics when empty (green spectra) and
when full (red spectra) with the unnormalized transmission val-
ues Tfull and Tempty defined such that Tshift = Tfull/Tempty. We
normalize the transmission to the empty cavity resonance level
to facilitate comparisons. This procedure does not change the
signal interpretation as the quality factor of the cavity does not
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Figure 1. Optofluidic sample, end-fire setup, PhC cavity properties, and sensing mechanism. a) Expanded view of optofluidic chip. b,c) SEM of the H2 hol-
low and the L3 slot cavity revealing the evanescent coupling scheme with a W1 waveguide and their configurations. Scale bar, 1 μm. d,e) GME-simulated
resonant-mode profiles corresponding to the cavities. f,g) measured spectra for each cavity normalized to the respective resonance transmission values.
h) Normalized transmission measurement of a bacterium trapped in the H2 cavity (cavity OFF, black; cavity ON, green; TRAPPING, red). The normalized
transmission most probable value Tshift and its fluctuations 𝜎 were used to characterize the trapping event. Insets show cavity spectra when the trap is
empty (green) or filled (red).

significantly vary upon trapping. When on, the resonant field
intensity exerts a force on any polarizable object close enough
to the cavity to be affected. However, the object’s proximity to
the cavity perturbs the optical mode, resulting in a shifted spec-
trum centered at 𝜆shift and a decrease in cavity energy. Thus, the
object tends to escape, but this freedom self-restores a pulling
force towards the trap via the SIBA mechanism. This phe-
nomenon retains the object with minimal light intensity and ex-
plains the observed fluctuations of normalized transmission that
are produced by the residual movement of the trapped object
(Figure 1H).[37,40,41] Note that given the amount of light coupled to
the nanocavities, convective and thermophoretic effects are neg-
ligible during the trapping events.

Because optical gradient forces scale with the third power of
the object typical dimension, the transmission shift and fluctua-
tion amplitudes (𝜎) are object- and cavity-dependent. These char-
acteristics, which depend mainly on the object’s refractive index
and overlap with the resonant optical field, provide the sensing
mechanism of our LOC.[42,43] The presented side-coupled exci-

tation scheme and the hollow nature of the cavities provide the
characteristics needed to trap and sense microscopic biological
entities with different phenotypic properties without any surface
bioreceptors or labeling. We must emphasize that we aim to mon-
itor the response of single biological entities over a short time
scale (i.e., seconds) rather than monitoring a continuous quantity
over several minutes typically presented in detection assays[44].
Since our platform has no selectivity, its sensitivity is object-
dependent and directly related to the shift in transmission upon
trapping. Finally, our approach is intended to work with isolated
and identified bacteria or phages in sufficiently high concentra-
tions (Experimental Section).

2.2. Single Phage Trapping and Differentiation from a Single
Bacterium

Researchers who have taken up the challenge of on-chip op-
tical trapping have found that the relatively large size of
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Figure 2. Comparison of transmission properties upon bacterium or phage optical trapping with the H2 hollow PhC cavity. a,b) SEM micrographs of
E. coli strain ATCC 8739 and phage 1042, respectively. c) Normalized time series showing shifts induced by a single phage 1042 (blue) and a single E.
coli strain ATCC 8739 bacterium (red) on an H2 hollow nanocavity. d) Histograms of multiple single bacteriophage (blue, n = 16) and single bacterium
(red, n = 9) trapping events with the H2 hollow cavity.

bacteria makes them easier to trap than smaller nanoscale bio-
logical objects,[31,38,45,46] such as viruses, virus-like particles, and
vesicles. The fundamental dependence of optical forces on an
object’s dimensions, polarizability, and field intensity gradient
complicates nanoscale-object manipulation.[47] Taking advantage
of subwavelength variations of the resonant optical field, we
aimed to achieve optical trapping of a single bacterium and a
single phage in a 2D dielectric hollow PhC cavity. Representa-
tive examples of the normalized transmission signal recordings
obtained during independent H2-hollow-cavity trapping experi-
ments with a suspension of Escherichia coli strain ATCC 8739
(ATCC 8739, Figure 2a) and of Myoviridae phage vB_EcoM_1042
(1042, Figure 2b) are depicted in Figure 2c (red and blue curve,
respectively). The two curves are synchronized to facilitate com-
parison such that the trapping perturbation of the resonant mode
occurs after 1 s in the time series. Detailed information about the
experimental conditions is given in the Experimental Section.

In a control experiment, no trapping events were recorded
when a sonicated and filtered bacterial suspension was injected
into the chip (Figure S2, Supporting information). A distinction

between a trapped bacterium and a trapped phage can be estab-
lished unambiguously from the relative change in the normal-
ized transmission that is 35 times larger for an E. coli bacterium
(135%) than for a Myoviridae phage (3.8%) (Figure 2c). A second
discriminative feature is the amplitude of the fluctuations caused
by the trapped entity’s residual movement in the trap, which we
confirmed to be smaller for the phage (𝜎 = 0.019) than for the
bacterium (𝜎 = 0.038). The normalized transmission shift of a
bacteria is more than two orders of magnitude larger than the
variations of the signal before trapping (𝜎noise = 0.005). For the
Myoviridae phage, the sensitivity is reduced but still one order of
magnitude larger than 𝜎noise ((1.038−1)/0.005).

Given that viruses and bacteria display similar refractive in-
dices (range, 1.35–1.5),[24,27,48–50] the observed resonance shift be-
tween a bacterium and a virus can be attributed to the spatial
overlap of each entity with the optical mode. Because bacteria
are substantially larger than phages, they have greater overlap
with the optical cavity mode, leading to a larger shift. Meanwhile,
the cavity line shape displays a small derivative close to the res-
onance (Figure 1f). Hence a small spectrum perturbation leads
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Figure 3. Comparison of transmission properties upon Myoviridae (blue) and Podoviridae (light blue) optical trapping on an H2 hollow cavity. a) Nor-
malized time series showing the shift induced by a single phage 1042 and a single phage gh-1 on an H2 hollow cavity. Insets show transmission electron
micrographs of each bacteriophage. b) Histograms of multiple single phage 1042 (blue, n = 16) and gh-1 (light blue, n = 7) trapping events with the
H2 hollow cavity.

comparatively to smaller transmission fluctuations. In contrast,
a larger wavelength shift when Tfull is located in the steeper part
of the spectrum results in larger fluctuations, see inset Figure 1h.
The fact that the fluctuations do not diminish to the level of
the empty cavity indicates that the SIBA mechanism is powerful
enough to prevent the bacterium from ever escaping from the
trap. The relatively tiny size of a phage causes only a slight wave-
length shift and reduces the force exerted by the trap, resulting
in smaller fluctuations.

Well-separated and independent distributions were obtained
from 16 independent Myoviridae trapping measurements (nor-
malized transmission = 1.039 ± 0.021) and nine E. coli bacte-
ria measurements (normalized transmission = 2.316 ± 0.057,
Figure 2d). Interestingly, the distribution dispersion was lower
for phages than for bacteria. This observation agrees with the dis-
tribution dispersion’s relations to variation in object morphology
and the different positions the object can take in the trap. Con-
sequently, because of the substantial overlap of a bacterium with
the optical field, changes in bacterial shape, size, or positioning
can induce sizable shift variations. Conversely, differences in the
phenotype or positioning of phages induce only small changes in
overlap and thus only slight variations in transmission shift.

In the present experiments, we were able to take advantage of
subwavelength variations in the resonant optical field to demon-
strate optical trapping of a single bacterium and, for the first time,
of a single bacteriophage on a 2D dielectric hollow PhC cavity.
When optically trapping bacteriophages, we eventually observed
discrete incrementations of the transmission signal. We attribute
this stepwise behavior of the signal to the successive trapping of
additional phage particles, with the minimal step corresponding
to the trapping of one single phage (Figure S3, Supporting infor-
mation).

2.3. Phage Differentiation at the Family Level

Podoviridae gh-1 viruses could also be optically trapped in our H2
nanocavity, demonstrating the possibility of using this nanocavity
to trap phages from different families. However, the signals ob-
tained from a trapped gh-1 and from a trapped 1042 (Myoviridae)

were not readily distinguishable (Figure 3a) and the normalized
transmission shift distribution observed for phage 1042 (1.039 ±
0.021) largely overlapped that for the phage gh-1 (1.048 ± 0.019,
Figure 3b). Although these two phages belong to phenotypically
distinct families, their interaction with the trap appears to be too
weak to cause distinguishable changes in transmitted power. Of
note, we only observed micro-trapping events with the Ackerman-
nviridae phage 5008 in the H2 nanocavity (Figure S4, Supporting
information).

We tested whether the L3 slot cavity could be used to differenti-
ate between phages. The L3 slot width is comparable to the size of
a bacteriophage (Figure S5, Supporting information) and, more
importantly, its resonant optical mode profile displays two max-
ima at the poles of the hollow region. We expected this feature
to be an advantage in the manipulation of nanoscopic objects for
which optical power must be higher due to the gradient force’s
dependence on object volume. As a result of these characteris-
tics, phages are likely to be trapped within the slot where light-
matter interactions are maximized. A bacterium is too large to
enter the slot, and thus induces a lower transmission shift in the
L3 nanocavity mode, leading to a normalized transmission signal
at 1.391 ± 0.043 (Figure S6, Supporting information), compared
to 2.357 ± 0.038 for the H2 nanocavity (Figure 2c).

We compared optical trapping measurements obtained for My-
oviridae phage 1042 with an H2 hollow cavity versus with an
L3 slot nanocavity. We observed that the transmission shift for
the L3 slot cavity (1.131 ± 0.014, purple, Figure 4a) was ap-
proximately 10% larger than for the H2 cavity (1.041 ± 0.018,
blue, Figure 4a). This result is counter-intuitive given that the
quality factor of the H2 nanocavity (QH2 ≈ 3000) is higher than
that of the L3 nanocavity (QL3 ≈ 1300). Indeed, without account-
ing for the overlap between the trapped object and the optical
field, one would expect only a minor transmission shift for a
cavity with a lower quality factor for a given spectrum pertur-
bation. The observed results suggest that phage 1042 may per-
turb the L3 slot resonant mode more than the H2 hollow cav-
ity resonant mode. To investigate this possibility, we performed
finite-difference time-domain simulations to compute resonance
wavelength shifts upon placing single nanospheres of varying
dimensions onto the hollow region of each cavity where the
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Figure 4. Transmission properties upon Myoviridae optical trapping with the H2 hollow cavity (blue) versus with the L3 slot cavity (purple). a) Normalized
time series showing the shift induced by a single phage 1042 on the H2 hollow cavity (blue) and on the L3 slot cavity (purple). b) Dependence of finite
difference time domain simulations of the wavelength shift on size of a nanosphere (refractive index, 1.42) placed in a region of high optical field intensity.
Insets show the geometric configuration of simulations for each cavity.

electromagnetic field is high (Figure 4b); the insets in Figure 4b
show the schematic configuration of the simulations for both cav-
ities. We set the refractive index of the nanosphere to a typical
value of 1.42.[27] As observed, the L3 nanocavity has a higher sen-
sitivity for objects in the range of 40–140 nm, which corresponds
to the size of the phages under study and confirms our hypothe-
sis.

The L3 slot nanocavity was used to trap phages from three
families (Myoviridae, Podoviridae, and Ackermannviridae) with low
optical power (Figure 5). Time series data (Figure 5a) show that
their interaction with the trap is strong enough for their pheno-
typical differences to cause changes in transmitted power that
are sufficiently distinct to enable their differentiation. In con-
trast to the H2 nanocavity, the normalized transmission shift his-
tograms obtained from multiple measurements on the L3 slot
nanocavity with Myoviridae (n = 10; 1.125 ± 0.017), Podoviri-
dae (n = 9; 1.091 ± 0.024), and Ackermannviridae (n = 9; 1.048
± 0.017) are separated by distinguishable gaps (Figure e), indi-
cating that each phage family tested perturbs the L3 nanocav-
ity resonant mode differently. Morphologically, the Myoviridae
(Figure 5b) is very similar to the Ackermannviridae (Figure 5d).
They are both tailed phages with differences in the capsid geom-
etry, tail length, and fibers. However, their responses (Figure 5a,e)
are far from each other. In contrast, The Podoviridae (Figure 5d) is
morphologically different (no tail) from both phages but shares
more similarities regarding their optical signature as its trans-
mitted signal lies between the Myoviridae and the Ackerman-
nviridae signal. Several characteristics can explain this observa-
tion. First, one can hypothesize differences in the structure of
the proteins forming each phage. The high sensitivity of the
nanoresonators is such that a slight difference in composition,
thus in the refractive index, could be responsible for such obser-
vations (Figure S7a, Supporting information). Secondly, phages
are charged particles, and we should not omit the possibil-
ity of electrostatic interactions between the silicon surface and
the virion. In this case, the virion might be pulled or pushed
away from the center of the photonic crystal slab. If repulsion
occurs, it would induce a minor perturbation of the resonant
mode due to a smaller overlap with the optical field (Figure
S7b, Supporting information). It could also be a joint conse-

quence of both effects. Finally, because we do not see the phages
optically, we should consider the eventuality of trapping phage
dimers. Despite the overlapping distributions, preventing un-
deniable discrimination of the three phages, the L3 slot cavity
is better suited to study phages at the single particle level than
the H2 nanocavity. This result shows that a specific design of
an integrated nanotweezer leverages its potential for biosensing
applications.

3. Conclusion

We demonstrated label-free single-virion optical trapping in di-
electric resonant 2D hollow PhC nanocavities and distinction
among them from their optical fingerprints in the transmis-
sion signal. A new approach was developed by engineering
the pattern of the evanescent field in interaction with biolog-
ical objects. It is based on an L3 slot nanocavity with a res-
onant mode profile that extends into the low-index medium.
The L3 nanocavity was found to be superior to the H2
nanocavity for the differentiation of phages at the family
level.

This work has relevant applications in basic phage research
and phage therapy. The small dimensions, fast response time,
and high sensitivity of our optofluidic device are well-suited to
improve on current time-consuming and empiric microbiolog-
ical tests working with isolated and known organisms. For in-
stance, PST, a critical assay for phage therapy development, is
in need of optimization for obtaining faster and more accu-
rate selection of phages to be administered to patients in ther-
apeutic dead-ends due to difficult-to-treat infections.[51,52] Addi-
tionally, the capacity to distinguish phages at the family level
could inform the design and quality control testing of univer-
sal and tailored phage cocktails. Indeed, it has been shown
previously that mixing phages from different families (Myoviri-
dae and Podoviridae) was an efficient way to optimize the ef-
ficacy of anti-Staphylococcus aureus phage cocktails.[53] Hence,
this work has the potential to make a significant contribution
to the essential advancement required for personalized phage
therapy.
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Figure 5. Comparison of transmission properties upon Myoviridae, Podoviridae, and Ackermannviridae optical trapping on the L3 slot cavity. a) Normalized
time series showing the shift induced by a single phage 1042 (purple), gh-1 (pink), and 5008 on the L3 slot cavity. b–d) Transmission electron micrographs
of phage 1042, gh-1, and 5008, respectively. e) Histograms of multiple single phage 1942 (purple, n = 10), gh-1 (pink, n = 9), and 5008 (orange, n = 9)
trapping events with the L3 slot cavity.

4. Experimental Section
Optofluidic Chip Fabrication: The optofluidic chip was manufactured

in EPFL cleanrooms. The photonic components were patterned via elec-
tron beam lithography on ZEP resist and then transferred to a 220-nm
silicon working layer by inductively coupled plasma etching. SU-8 mode
converters were then incorporated to increase fiber-waveguide coupling
efficiency. A robust and versatile microfluidic process similar to Jackman’s
process[54] was developed (Figure S1, Supporting information). SU-8 mi-
crofluidic channels (750 μm wide and 25 μm thick) were patterned by
photolithography. After cleavage of the facets, the PhC membrane was re-
leased with wet buffered HF etching to ensure good vertical confinement
of the optical mode. Finally, a standard glass coverslip for immersion oil
microscopy was used to seal the fluidic system. Injection to and collection
from the microfluidic circuitry was performed via a polydimethylsiloxane
interconnect.

Bacteria Strain and Phages: Trapping experiments with E. coli strain
ATCC 8739 bacteria (Microbiologics, Saint Cloud, MN) and three phages:
E. coli Myoviridae phage vB_EcoM_1042 (1042), Pseudomonas putida
Podoviridae phage gh-1 (gh-1), and Klebsiella pneumoniae Ackermannviri-
dae phage vB_KpnA_5008 (5008) were performed (Figure S4, Support-
ing information). Bacteria were grown on lysogeny broth (LB) agar Petri
dishes at 37 °C overnight. Prior to injection, isolated bacterial colonies

were inoculated in a 50% liquid LB, 49.5% deionized water, and 0.5% Tri-
ton X-100 solution (v/v). This buffer was used to prevent bacteria from
sticking to the silicon surface, as observed with a pure LB medium. Af-
ter inoculation, bacterial suspensions were vortexed to obtain turbidity in
the range of 0.5–1.0 McF. Measurements commenced ≥5 min after sus-
pension injection into the optofluidic chip. Phage 1042, phage gh-1, and
phage 5008 were amplified in E. coli strain B (own collection), P. putida
strain ATCC 12633 (Microbiologics, Saint Cloud, MN), and K. pneumoniae
strain S155 OXA-48, respectively (Figure S8, Supporting information). Be-
fore trapping, phage suspensions were filtered with a polyethersulfone fil-
ter (pore size, 0.45 μm) to remove bacterial residues. Drop dilution test-
ing of the phage suspensions indicated that phage concentrations in the
range of 108–109 PFU mL−1 were obtained. Phages were resuspended in
50% liquid LB, 49.5% deionized water, and 0.5% Triton X-100 solution be-
fore being injected into microfluidic channels, resulting in concentrations
of 5 × 107–108 PFU ml−1.

Experimental Procedure: Samples were injected into chip microchan-
nels through the inlet tube with an external pump. Closing a valve in the flu-
idic output tubing brings the biological entities into unconstrained Brow-
nian motion. An oil-immersion objective was used for high-resolution op-
tical imaging of trapping events. The optofluidic samples have strong me-
chanical stability that was sufficiently robust to allow usage for more than
1 year without diminished performance.
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