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HIGHLIGHTS

e Bacteriophages are nanoscale antimi-
crobial agents with selective bacterial
targeting.

 Significant heterogeneity exists in phage
morphology and chemical composition.

e s-SNOM provides a label-free mapping
of phage chemical composition at the
nanoscale.

o Contributes to building a comprehensive
reference library of phage chemical and
morphological composition profiles.

eEnable optimization of phage formula-

tions, improving their stability and effec-
tiveness as therapeutic agents.
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ABSTRACT

Bacteriophage (phages) are naturally occurring nanoscale antimicrobial agents that can self-replicate at infection
sites and selectively eliminate pathogenic bacteria. Significant heterogeneity exists in phage properties such as
morphology, protein and nucleic acid composition, subject to the strain, state, and environment of the phage
source. However, current techniques fall short in accurately mapping the chemical compositions of individual
phages. A thorough understanding of this heterogeneity is essential to elucidate the difference between phage
types and their stability, which may impact phages as effective therapeutic agents. We propose using scattering
scanning near-field optical microscopy (s-SNOM) as an innovative method to map the chemical composition of
phages at the nanoscale. The strength of this method lies in its label-free, ultra-high sensitivity that measures
individual phage chemical heterogeneity. Additionally, s-SNOM is ideal for thermally sensitive phages, as it
detects light scattered by nanoscale specimens without relying on thermal expansion. New insights from this
method into phage chemical composition will profoundly impact our understanding of phage biology and
optimise phage formulation for therapeutic use.

* Corresponding author.
** Corresponding author.

E-mail addresses: dipesh.khanal@sydney.edu.au (D. Khanal), kim.chan@sydney.edu.au (H.K. Chan).

1 Authors contributed equally.

https://doi.org/10.1016/j.aca.2025.344026

Received 8 December 2024; Received in revised form 2 April 2025; Accepted 4 April 2025

Available online 4 April 2025

0003-2670/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0009-0004-7781-1634
https://orcid.org/0009-0004-7781-1634
https://orcid.org/0000-0001-6846-2373
https://orcid.org/0000-0001-6846-2373
mailto:dipesh.khanal@sydney.edu.au
mailto:kim.chan@sydney.edu.au
www.sciencedirect.com/science/journal/00032670
https://www.elsevier.com/locate/aca
https://doi.org/10.1016/j.aca.2025.344026
https://doi.org/10.1016/j.aca.2025.344026
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aca.2025.344026&domain=pdf
http://creativecommons.org/licenses/by/4.0/

Y. Cao et al.
1. Introduction

Bacteriophages (phages) are natural nanoscale antimicrobial agents
that selectively target and destroy pathogenic bacteria [1,2]. Phages
play a critical role in our ecosystem, by potentially reducing 10-80 % of
environmental bacterial populations. It is important to also mention that
phage particles are complex viruses that are composed of nucleic acid in
the form of double or single-stranded RNA/DNA encased in a protein
capsid. Several phage types also have long tails, which are made of
proteins [3]. Lipid components may exist in some phage structures as
well [4].

Phages have been successfully applied in treating bacterial infections
affecting the skin [5], and respiratory tract [1] among many others [6].
In addition to therapeutic applications, phages have been incorporated
into biocontrol formulations. However, many of these formulations,
typically protein-based, lack fundamental chemical insights. The
absence of this chemical knowledge impedes the development of stable
effective phage formulations, affecting the outcome of clinical trials [7].
To improve existing applications of phages and to enable novel ones, a
thorough understanding of these viruses is required.

Electron microscopy [8] and wet chemical methods such as gel
electrophoresis [9] and mass spectrometry [10], are commonly used to
evaluate phage morphology and analyse genomic and protein hetero-
geneity. However, these applications are time- and labour-consuming
and the knowledge often derives from bulk measurements of phage
populations, providing limited details on individual phages. Traditional
Fourier Transform Infrared Spectroscopy (FTIR) and Raman spectros-
copy, constrained by diffraction boundaries, fail to evaluate the chem-
ical composition of individual phages effectively, achieving spatial
resolutions between 1.5 and 10 pm for IR and 250-500 nm for Raman.
While valuable, wet chemical methods yield only averaged chemical
data for the phage populations and spectra measurements using bulk
FTIR may not be able to represent the chemical fingerprint of the sample
at the nano level, such as the phages of interest here, which are typically
less than 200 nm in size. Hence, it would be challenging to use these
methods to analyse phages at an individual level.

Understanding the physical and chemical properties of individual
phages is crucial for deciphering their degradation, destabilisation, or
stabilisation in formulation development. Scattering scanning near-field
optical microscopy (s-SNOM) overcomes the limitations of traditional
spectroscopic and wet chemical methods. Similar to tip-enhanced
Raman spectroscopy (TERS), s-SNOM uses a metallic tip to probe mo-
lecular vibrations for chemical imaging and nanoscale IR spectra
acquisition by Fourier transforming the scattered light from the spec-
imen after tip illumination by a broadband infrared laser. S-SNOM,
using an atomic force microscopy (AFM) tip offers ultrahigh resolution
and sensitivity by merging the high spatial resolution of atomic force
microscopy (AFM) imaging with spectroscopy to achieve resolutions
(around 20 nm) well below the detection limit of conventional IR
spectroscopy. As a novel spectroscopy technique, nano-FTIR has been
pivotal in several multidisciplinary investigations such as nano-mapping
of individual protein complexes [11], nano-chemistry of multi-phase
bio-minerals [12] and nano-heterogeneity of polymer blends [13,14].

IR spectroscopy analysis faces challenges with biological substances
with weak scattering capabilities compared to polar crystals. To over-
come this, several innovative techniques have been developed to explore
the sub-wavelength organic chemistry of materials, including local
thermal expansion [15-17] and synchrotron AFM-IR [18]. Our previous
study utilised photothermal-induced resonance-enhanced AFM-IR to
detect phages and display their protein conformations [19]. The samples
were examined using the top-down illumination, and only one type of
phage was characterised after being formulated into aerosol powder.
This technique detects local expansions or temperature rise with an AFM
tip following IR absorption by a sample, enhancing the sensitivity to
organic vibrational resonances and providing clearer data interpreta-
tion. However, in thermal expansion microscopy, spatial resolution is
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limited by the uncontrolled diffusion of beam power into the material,
complicating the analysis [20].

In nano-FTIR, the resolution of the optical probe is solely determined
by the radius of the AFM tip, enabling these methods to uniquely
conduct ultra-broadband IR spectroscopy at a resolution of 25 nm. We
previously evaluated three phages using s-SNOM to understand their
conformational changes pre- and post-exposure to various organic sol-
vents. This technique, employing tapping mode, revealed structural al-
terations and highlighted the conformational changes in the secondary
structures of phages, aiding in interpreting the solvent-induced inacti-
vation process of phages. However, the chemical mapping at certain
wavelengths was not evaluated. This experiment aimed to evaluate the
effectiveness of nano-FTIR in the nanochemical analysis of different
types of phages. Nano-FTIR offers exceptional resolution for identifying
phage distributions in minimal quantities, yet locating these nanoscale
phages remains challenging. This challenge is surmountable by initially
scanning larger sample sections and subsequently performing chemical
imaging at phage-specific wavenumbers, enabling identification of
phage-containing regions. Zooming into individual particles further
permits high-resolution spectral acquisition and chemical mapping. A
significant research gap exists in the chemical characterisation of
nanosized phages with the nano-FTIR technique.

Chemical imaging at the nanoscale is beneficial in resolving spatial
heterogeneities in phages, which may not be possible without using
point spectroscopy, i.e., collecting spectra at different locations within
the phage structure. In this study, we employed a combination of
transmission electron microscopy (TEM) and nanochemical imaging
using nano-FTIR to probe the morphological features and spatial dis-
tribution of proteins and nucleic acids of Pseudomonas aeruginosa-spe-
cific phages.

2. Materials and methods
2.1. Bacteriophage purification and plaque assay

Two Pseudomonas aeruginosa phages, consisting of podovirus
(PEV31), and myovirus (PEV20), were isolated from the sewage treat-
ment plant in Olympia (WA, USA) by the Kutter Lab (Evergreen Phage
Lab). The isolation used P. aeruginosa dog-ear strain PAV237, which also
served as the host for phage titre assessment. Amplified phages were
filtered through a 0.22 pm polyethersulfone (PES) syringe filter (Merck,
Germany). The filtered lysates were treated with 10 pg/mL DNase and
RNase (Merck, Germany) and incubated at 37 °C for 30 min. DNase and
RNase were removed by ultrafiltration at 4000xg, at 4 °C using the
Allegra X-30R benchtop centrifuge (Beckman Coulter, USA) and sam-
ples resuspended in phosphate-buffered saline (PBS) (0.01 M phosphate
buffer, 0.0027 M KCl, and 0.137 M NaCl), with pH adjusted to 7.2.
EndoTrap®HD (Lionex GmbH, Germany) was employed to remove en-
dotoxins from the phages before purification with an anion-exchange
(AEX) column. The optimised AEX process and buffer concentrations
for eluting the purest phage fractions were determined previously. The
entrapped phages were introduced into the CIMmultus™ diethylamine
(DEAE) 2 pm column (BIA Separations, Slovenia) and eluted according
to the manufacturer’s protocol, with a NaCl concentration unique to
each phage. The purest fraction was then cleaned up of endotoxins by a
final run with the EndoTrap®HD. The endotoxin levels were quantified
by ToxinSensor™ chromogenic Limulus amebocyte lysate assay kit
(GenScript, USA). The final phages were stored in PBS with high titres of
10%° PFU/mL (see Fig. 1).

The phage concentration was determined by using a plaque assay
(Fig. 2). The top-agar layer was prepared by combining overnight cul-
ture of the P. aeruginosa reference strain with 5 mL of 0.4 % nutrient
broth top agar and overlaying onto a 1.5 % nutrient agar plate. Serial
dilutions of the phage samples were prepared in a 96-well plate and
were done by adding 20 pL samples to 180 pL PBS. From the set of di-
lutions, 10 pL drops were spotted on the top agar plate, left to dry for 20
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min and plates incubated overnight at 37 °C. Following incubation, the
plaques forming units were counted to determine the phage titres.

2.2. TEM

TEM assessed the structure and morphology of phage samples.Ob-
servations were conducted using an FEI Tecnai T12 microscope (FEIL,
USA) at 120 kV fitted with a 4k x 4k CCD camera. All samples underwent
negative staining on the grid prior to insertion into the instrument for
observation. The carbon-coated copper grids (GSCU150CC-50, Prosci-
tech, Australia) were glow-discharged to eliminate residual hydrocar-
bons and reduce hydrophobicity. The staining procedure began by
placing separate 10 pL drops of the sample, 2 % w/v uranyl acetate and
Milli-Q water separately side by side on a piece of parafilm. The cleaned
grid was placed on the sample drop for 2 min. The excess sample was
blotted off with filter paper before transferring the grid to the stain drop
for 10 s. Excess stain was removed with absorbent filter paper, then the
grid was placed on the water drop for 10 s. Following water removal, the
grid was air-dried for 3 min before being inserted into the microscope.

2.3. Phage lysate

A 1:10 dilution of phage suspension in ultrapure water (5 pL) was
deposited onto a silicon substrate for 3 min. The excess liquid was then
removed, and the surface was allowed to dry for 5 min. The samples
were scanned in tapping mode.

2.4. Nano-FTIR spectroscopy

The chemical characterisation of each phage type was conducted
using nano-FTIR spectroscopy, IR-neaSCOPE T ® (Neaspec, Germany),
which combines the analytical power of FTIR spectroscopy with the
nanoscale spatial resolution of AFM. IR spectra were collected at a res-
olution of 4 cm™?, using a scattering-type near-field optical microscope
(neaSNOM, attocube systems AG), equipped with a broadband Differ-
ence Frequency Generation (DFG) laser source (Toptica Photonics AG)
and an asymmetric Michelson interferometer. A Ptlr tip with ca. 20 nm
diameter (nanoworld, Switzerland) probed the sample in intermittent
contact mode at the frequency Q of ca. 250 kHz, modulating the in-
tensity of the scattered IR light at Q and its higher harmonics. Demod-
ulation at a higher harmonic nQ of Q distinguishes the near-field optical
signal from the background signal [11,21]. The instrumental response
function was removed from the nano-FTIR spectra by normalizing the
measured spectra against a reference Si signal. This resulted in
nano-FTIR Absorption and Reflectivity spectra directly correlatable with
the standard far-field IR spectra [22]. AFM images of each phage type
were obtained, with multiple IR point spectra acquired from both the
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head and the tail. Data analysis was performed using neaPLOT software.
A minimum of 20-30 phages were analyzed.

Before data acquisition, spectral calibration was conducted using a
polystyrene standard. Tip sharpness and intactness were validated by
imaging standard grids and verified by accurate sample topography
tracking. These evaluations collectively ensured optimal functionality of
nano-FTIR system, providing confidence in the reliability of our phage
analysis results.

3. Results and discussion

The structural and compositional differences between PEV31 and
PEV20 phages were analyzed using a combination of advanced imaging
and nanospectroscopic techniques, providing nanoscale insights into
their morphology and biochemical organization. TEM imaging (Fig. 2a)
reveals the intact morphology of PEV31, characterized by an icosahedral
capsid measuring 65 nm and a short, thin, non-contractile tail approx-
imately 10 nm in length. Tapping-mode AFM images (Fig. 2b and d) of
drop-casted PEV31 confirm the presence of fully intact phages, with
clearly visible heads attached to short tails. Nano-FTIR spectra collected
from the capsid region (red, green and grey squares) reveal peaks at
1720 cm™? (nucleic acid), 1660 cm ! (amide I), and ~1550 em !
(amide II), alongside features at ~1250 and 1060 cm ! attributed to
phosphate backbone vibrations (Fig. 2¢) [23,24]. These findings suggest
a tightly packed capsid structure rich in nucleic acids and proteins.

In contrast, TEM imaging (Fig. 3a) shows that PEV20 has an icosa-
hedral capsid of similar size (60-65 nm) but is distinguished by a long,
straight contractile tail measuring 120-125 nm. AFM height imaging
corroborates these observations by capturing its intricate architecture
(Fig. 3b and d). Nano-FTIR spectra from the tail (green squares) and
head (red and grey squares) regions reveal prominent peaks at ~1650
em ! (amide I), and ~1550 cm ! (amide II). A shoulder beyond ~1720
em ! indicative of strong nucleic acid signals from the capsid region
(Fig. 3c) [23]. Additional peaks at ~1260 and 1100 em™! further
confirm nucleic acid phosphate backbone contributions (Fig. 3c) [24].
Nano-FTIR spectra from the tail (green squares) and head (red and grey
squares) regions reveal prominent peaks at ~1650 cm ™' (amide I) and
~1550 ¢cm ™! (amide II). A shoulder beyond 1720 cm ! indicates strong
nucleic acid signals from the capsid region (Fig. 3c) [23]. To ensure
consistency and minimize ambiguity, we collected multiple spectra
across different sample regions and the spectral range from 1800 to
1000 cm™?, capturing a broader molecular signature. Notably, addi-
tional peaks at 1250 cm ™! and 1060 cm ™! for PEV31, as well as ~1260
em™! and ~1100 em™! for PEV20, were consistently observed. These
findings support the assignment of the ~1720 ecm™! signal to nucleic
acid content and underscore the reproducibility of the spectral analysis.
Optical amplitude imaging enhances these analyses by providing
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Fig. 1. Illustrative representation of the process and analysis for phage samples using s-SNOM measurement techniques.
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spatially resolved contrasts in material composition across both phages
(Figs. 2e and 3e) [25]. Together, these findings align with previous
studies [3,24], highlighting nano-FTIR’s capability to resolve nanoscale
biochemical heterogeneity with high spatial precision.

Phage capsids primarily consist of stable protein capsules that
enclose genetic materials [26]. The icosahedral capsids of the PEV20
and PEV31 phages in this study are composed of capsomers made of
major capsid proteins [27,28]. The stability of major capsid proteins is
maintained by electrostatic interactions among charged secondary
structures (such as a-helix and p-sheets), embedded in different protein
domains of the capsomers. Different phages carry various proportions of
secondary structures [29]. Nanochemical information previously ob-
tained from individual point spectra [30] provided insights into the
chemical compositions of phages at discrete spatial locations, yet it did
not resolve the spatial distribution of proteins and nucleic acids across
the entire phage structure. This limitation can be overcome by acquiring
nanochemical maps at targeted wavenumbers (e.g., protein-specific
amide I/1I bands or nucleic acid phosphate vibrations), which would
reveal the spatial distribution of these biomolecules across the phage
structure.

To evaluate the distribution of protein in PEV31 and PEV20, we
collected chemical maps at 1657 cm ™}, corresponding to protein struc-
tures in phages, for both phages (Figs. 2f and 3f), and an additional
chemical map at 1720 ecm™! for PEV20, corresponding to nucleic acids
(Fig. 3g). The chemical maps at 1657 cm™! highlighted the distribution
of protein across the PEV 20 and PEV 31 phages. For PEV20, the
condensed, red-coloured regions in the chemical image at 1657 cm™!
correspond to the areas with concentrated protein structures within the
phage particles. The additional chemical map collected at 1720 cm™?
specifically identifies nucleic acid distribution within PEV20. At this
wavenumber, the bright, purple-coloured regions in the image corre-
spond to the regions of maximum nucleic acid concentration, facilitating
clear visualization of the phage capsid structure.

Overall, our findings confirm that the phages are present with
complex protein secondary structures encasing nucleic acid in their
capsid. Specifically, the contrast in the image illustrates the chemical
composition of the phage sample, highlighting the sensitivity of nano-
FTIR in detecting and differentiating molecular variation in phages,
thus showcasing the precision of nano-FTIR in revealing the complex
biochemical landscape within phage samples [31]. We anticipate that
nano-FTIR analysis of phages will advance the study of protein confor-
mations under various environmental conditions, revealing the influ-
ence of previously indistinguishable chemical and physical surface
heterogeneities. This method will benefit from ongoing improvements in
scanning probe microscopy. We expect that modifications to this

a. b.

Arbitrary unit (a.u)

ok

Analytica Chimica Acta 1355 (2025) 344026

technique will allow observation of bacterial defence mechanisms
against phage infection, enhancing our understanding of phage-host
interactions and potentially leading to more effective phage-based
therapies. Phages are gaining increasing interest in medical, industrial,
and molecular settings [32,33]. Such insights are particularly valuable
in phage therapy, where precise chemical profiles can potentially guide
the selection or engineering of phages to effectively target specific
bacterial surface sites and receptors, including antibiotic-resistant
strains [34].

Nano-FTIR also plays a key role in ensuring the consistency, purity,
and safety of phage formulations, as it is important for purified phage
stocks to be free from bacteria, debris, and bacterial endotoxins [35].
Many unwanted bacterial contaminants, such as outer membrane vesi-
cles, are at nanoscale. By mapping the nanochemical composition phage
samples and identifying impurities or unwanted contaminants,
nano-FTIR can ensure phage formulations are consistent and
contaminant-free, which is critical for meeting regulatory requirements
[36,37]. In addition, as more phage profiles are developed, they
contribute to a growing library that serves as a reference source for re-
searchers and regulators. The phage profile can facilitate the assessment
of new phage formulations and help establish regulatory standards,
ensuring the safe and effective use of phage-based therapies.

3.1. Limitations and recommendations

Despite its effectiveness as a powerful tool for nanoscale chemical
analysis, nano-FTIR has certain limitations, particularly when applied to
biological samples. The requirement for dry samples can compromise
the native state of biologics like phages, as drying may alter their sta-
bility [38]. Additionally, while nano-FTIR achieves superior spatial
resolution (10-20 nm) compared to traditional FTIR, this resolution may
still be insufficient for resolving very small or closely spaced features
within phages (e.g., neck). Sensitivity is another concern, as the nano-
scale size of phages can result in weak signals, reducing detection ac-
curacy [39,40]. Furthermore, overlapping peaks in spectra from
complex biological molecules may make it difficult to distinguish spe-
cific features, such as protein secondary structures or nucleic acids.
Lastly, although designed to be non-destructive, nano-FTIR carries a risk
of sample damage caused by the scanning probe, requiring careful
optimization of parameters.

These limitations highlight the need for complementary approaches
to enhance the utility of nano-FTIR in studying phages and other bio-
logical systems. For instance, combining nano-FTIR with biological as-
says (e.g., plaque assays) can provide functional insights into phage
activity. High-resolution imaging techniques such as TEM can visualize
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Fig. 2. (a) TEM image of PEV31 phages. (b) AFM height image of a single PEV31 and (c) its corresponding nano-FTIR spectra. (d) A second AFM height image of
PEV31 and (e) the corresponding optical amplitude image. (f) Chemical map at 1657 cm™! highlighting protein distribution.
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Fig. 3. (a) TEM image of PEV20 phages. (b) AFM height image of a single PEV20 and (c) the corresponding nano-FTIR spectrum acquired at different positions. (d)
AFM height image of another PEV20, with (e) the corresponding optical amplitude image. (f) Chemical map at 1657 cm ™! highlighting protein distribution, and (g)

map at 1720 cm ™! showing nucleic acid distribution.

fine morphological details of phages that are beyond the spatial reso-
lution of nano-FTIR. Additionally, integrating genome sequencing can
offer critical information about genetic materials, including genome
structure and packaging mechanisms, which are essential for under-
standing phage biology [41].

4. Conclusion

Conventional techniques often fall short in detecting and analysing
the protein-rich structures of phages due to their inadequate spatial
resolution. Our approach using nano-FTIR overcomes this by revealing
and spatially pinpointing the unique chemical signature of phages
without changing their natural characteristics. Plaque assay can assess
viable phages, but overlook those that are non-infectious, while TEM
offers structural insights but fails to capture biochemical alterations.
Nano-FTIR presents a novel method for comprehensive phage analysis,
offering a precise chemical profiling at the nanoscale that traditional
imaging lacks.
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