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Abstract

Extensive efforts are underway to develop bacteriophages as therapies against antibiotic-resistant bacteria. However, these efforts are
confounded by the instability of phage preparations and a lack of suitable tools to assess active phage concentrations over time. In
this study, we use dynamic light scattering (DLS) to measure changes in phage physical state in response to environmental factors
and time, finding that phages tend to decay and form aggregates and that the degree of aggregation can be used to predict phage
bioactivity. We then use DLS to optimize phage storage conditions for phages from human clinical trials, predict bioactivity in 50-y-
old archival stocks, and evaluate phage samples for use in a phage therapy/wound infection model. We also provide a web
application (Phage-Estimator of Lytic Function) to facilitate DLS studies of phages. We conclude that DLS provides a rapid, convenient,
and nondestructive tool for quality control of phage preparations in academic and commercial settings.
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Significance Statement

Phages are promising for use in treating antibiotic-resistant infections, but their decay over time in refrigerated storage and higher
temperatures has been a difficult barrier to overcome. This is in part because there are no suitable methods to monitor phage activity
over time, especially in clinical settings. Here, we show that dynamic light scattering (DLS) can be used to measure the physical state
of phage preparations, which provides accurate and precise information on their lytic function—the key parameter underlying clin-
ical efficacy. This study reveals a “structure-function” relationship for lytic phages and establishes DLS as a method to optimize the
storage, handling, and clinical use of phages.

Introduction subnanomolar concentrations (4-6). Phage therapy is already

As antimicrobial-resistant (AMR) pathogens have become in-  benefiting growing numbers of individual patients (10-12).

creasingly prevalent (1-3), there is great interest in novel ap-
proaches to treat bacterial infections. Bacteriophages (phages),
viruses that kill bacteria, offer a promising approach to
treating AMR infections that is orthogonal to conventional
antibiotics. Phages are safe, well-tolerated (4-10), and potent at

However, the development of standardized and reliable phage
products—essential for clinical trials and commercial applica-
tions—has proved challenging. While long-term storage of phages

can be achieved through freezing or lyophilization (13, 14),
many phages are often unstable at higher temperatures (e.g. at
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refrigerated storage at 4°C or clinical use at 37°C), which limits
their effectiveness (15-20). This has greatly impacted phage ther-
apy clinical trials and commercial development. To this point,
poor phage stability was implicated in the case of a recent phage
therapy trial for Pseudomonas aeruginosa which failed to meet end-
points (9).

Phages, like other multimeric protein assemblies (21, 22), can
exhibit poor aqueous stability and decay into noninfectious forms
in aqueous solution over time (17). Oxidation contributes to the in-
stability of viral particles (23-26), leading to noninfectious prod-
ucts including aggregates and fragments. For phage therapy and
for other research applications involving phages, it is therefore es-
sential to routinely monitor the bioactivity of phages and optimize
conditions for their storage, handling, and transport (13, 14, 20,
27). Moreover, as phages are highly heterogeneous, optimal condi-
tions must be determined separately for each phage using high-
throughput techniques and none currently exist.

Existing methods to assess phage bioactivity/stability (plaque
assays) are poorly suited for optimization of storage conditions
and routine monitoring of phage preparations. Plaque assays are
time-consuming, labor-intensive, destructive to phage stocks,
and difficult to scale (18, 28). Rapid, high-throughput methods to
assess phage stability would greatly improve the ability to opti-
mize conditions for phage storage and use.

We hypothesized that dynamic light scattering (DLS), a method
for determining the size distribution of nano-scale particles, could
yield insights into the physical state of phage particles in solution
and thereby serve as an adaptable, high-throughput method to
rapidly assess phage stability and bioactivity. We were inspired
by previous efforts using DLS to study the impact of ion gradients
generated by bacteria on the aggregation/dispersal transitions of
T4 phages (29).

Here, we perturb phages with external stressors, including
time, temperature, oxidation, ions, and stabilizers. We study
phages from human clinical trials and 50-y-old archival phage
stocks, finding that external stresses impact the bioactivity of
phages and induce aggregation, and that the degree of aggregation
as measured by DLS constitutes a quantitative predictor of phage
bioactivity, as tested by in vitro plaque assays. We also demon-
strate how DLS might be used in a workflow to assess the potency
of a phage sample for clinical use in a mouse model of wound in-
fection/phage therapy. Building on these insights, we developed a
web-based application (Phage-Estimator of Lytic Function
[Phage-ELF]) to enable researchers to predict changes in phage ac-
tivity from DLS data. These approaches can facilitate screens of
phage activity with higher throughput than previously possible.

Results
DLS can assess the structural integrity of phages

Our laboratory and others have observed that phages lose potency
in aqueous solution over time at nonfreezing temperatures. To ex-
plain this phenomenon, we proposed that phages are initially dis-
persed and functional and over time and in response to
environmental conditions, phages fragment into noninfectious
particles lacking necessary machinery for infection or aggregate
into sterically inhibited clusters (Fig. 1A). Aggregates may also
form via denaturation and not contain intact phage particles.
We predicted that fragments and aggregates could be observed
in small-volume samples of phage preparations (40 uL) and would
be distinguishable from intact phages using a standard benchtop
DLS device (Fig. 1B).

For these studies, phages were purified from bacterial lysates
using standard polyethylene glycol (PEG)-based protocols well-
established in the laboratory, as detailed in the Materials and
Methods section (30). We focused most of the investigations on
three antipseudomonal phages used in the Cystic Fibrosis
Bacteriophage Study at Yale (CYPHY, NCT04684641; [31-34]):
LPS-5, TIVP-H6, and OMKO1l (henceforth “CYPHY phages”).
Transmission electron microscopies (TEMs) of these phages and
DLS spectra of freshly prepared phages are shown in Fig. 1C. As
predicted, each phage produced a single peak on the DLS spec-
trum, suggesting a uniform population of dispersed phages in
each preparation. The hydrodynamic diameter (Dy) of each phage
was similar to its actual dimensions as measured by TEM.

We analyzed LPS-5 before and after sonication by TEM and by
DLS. LPS-5 was prepared at a concentration of 10'° plaque forming
units (PFU)/mL and sonicated for 10s. As predicted, LPS-5 par-
ticles were intact and dispersed before sonication. After sonic-
ation, phages denatured, with small fragments and large
aggregates visible on TEM (Fig. 1D). A similar assessment of phage
physical state could be concluded from the DLS spectra. Before
sonication, LPS-5 produced a single Gaussian peak suggesting a
uniform and dispersed population of phages. The hydrodynamic
diameter (Dy) of the phage peak was ~100 nm, similar to the ac-
tual dimensions of the phage (Table S1). After sonication, the
phage peak was lost, and multiple new peaks appeared in the
spectra corresponding to fragments with Dy =90 nm, and aggre-
gates with Dy =500-8,000 nm (Fig. 1D). These data showed that
DLS could be used to measure the physical state of phages, and
that phages are intact and dispersed at baseline, and can form ag-
gregates and fragments in response to environmental stress.

DLS enables monitoring of phage stability
over time

Of course, harsh physical manipulations of phages would be ex-
pected to cause changes in the size of phage products in solution,
and it remained unclear whether observed phage decay over time
was also linked to phage aggregation. Therefore, we next applied
DLS to investigate the behavior of phages in aqueous suspension
over time. We propagated the CYPHY phages and stored them at
10° PFU/mL in conditions in which we generally stored the phages
and knew them to be stable (at 4°C in SM buffer) and in conditions
where we expected the phages to be unstable [at 37°C in
Phosphate Buffered Saline (PBS)]. We measured the bioactivity
of the phages (reported as phage titer) in terms of PFU/mL and
also measured the DLS spectra at baseline and then weekly for 3
weeks.

At 4°C, all of the phages were stable without loss of titer
(Fig. 2A). However, at 37°C, phages TIVP-H6 and LPS-5 lost po-
tency—0.5 and 5 logs, respectively, over the 3-week period
(Fig. 2A). Correspondingly, the DLS spectra of all of the phages at
4°C showed no changes (Fig. 2B), and the DLS spectra of TIVP-H6
and LPS-5 at 37°C suggested aggregation, with right shifting of
the phage peak and the emergence of large species over time
(Fig. 2B). The degree of aggregation appeared to be correlated
with the loss of titer, most obviously in the case of LPS-5. To quan-
tify changes in the size distribution, we developed a scalar metric
we called area-under-the-curve change, or AUCA, defined as the
nonoverlapping area between two DLS spectra. Each DLS spec-
trum has an area of 100, so AUCA ranges from O, representing
completely overlapping (identical) spectra, to 200, representing
completely distinct (entirely nonoverlapping) spectra (Fig. 2C).
We measured AUCA for all phages over time against the average
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Fig. 1. A model of entropic phage decay and assessment by DLS in phage preparations. A) A model describing mechanisms underlying loss of phage
bioactivity. Fragmented and aggregated phages are expected to be distinguishable from intact phage by size. B) Hypothetical DLS spectra representing
predicted particle sizes in intact vs. damaged phage preparations. DLS is a benchtop device with a simple workflow that can be used to study the
distribution of phages and their byproducts in phage preparations. C) TEMs and DLS spectra of freshly prepared CYPHY phages. Shown are representative
images at 80,000x magnification. D) TEMs of intact and sonicated LPS-5. Shown are representative images obtained at 20,000x magnification.

baseline measurement and found that AUCA diverged sharply
from baseline under conditions where the phages lost potency
(Fig. 2D). This result suggested that DLS measurements might be
used to screen phage populations for preparations that have lost
potency.

We then assessed the quantitative relationship between AUCA
and changes in phage titer. A negative linear correlation between
AUCA and titer loss was observed for LPS-5 and TIVP-H6 in par-
ticular (Fig. 2G). Ninety percent of LPS-5 titer loss could be ex-
plained by changes in the DLS spectrum (i.e. aggregation). These
data highlight that changes in the DLS spectrum can indicate a
loss of phage titer.

We also screened a cohort of 13 phages from Belgium previous-
ly used in compassionate use cases. This cohort included phage
therapy candidate phages that target P. aeruginosa, Xanthomonas
campestris pv. campestris, and Staphylococcus aureus (Table S2). Our
previous handling of these phages suggested that some of them
were unstable even when stored at 4°C. We stored these phages

at 4°C in SM buffer and measured their size distributions at base-
line and subsequently every 3 weeks for 9 weeks. Many phages
showed evidence of aggregation that increased over time (Fig. S1).

Together, these data indicate that an endpoint (and possible
mechanism) for loss of phage potency over time in aqueous sus-
pension is aggregation, aggregation can be tracked using DLS,
and aggregation is closely related to changes in bioactivity.
These data underscore that stability measurements need to be
made for each phage.

Optimization of phage storage conditions

using DLS

Next, we used DLS to dissect the effects of components of a com-
mon phage diluent and storage buffer (SM buffer) on the stability
of CYPHY phages. SM buffer is a Tris-buffered solution with NaCl
for counterions and osmotic support, often with added MgSO,4 and
gelatin to promote phage stability.
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Fig. 2. Phages spontaneously aggregate and lose bioactivity in solution over time. Phage preparations can degrade over time in ways that vary between
phages. To assess this using DLS, we used a set of phages (TIVP-H6, LPS-5, and OMKO1) from an ongoing human clinical trial (the CYPHY trial). CYPHY
phages (TIVP-HS6, LPS-5, and OMKO1) were stored in stable conditions (SM at 4°C) or in conditions previously observed to result in titer loss (PBS at 37°C)
for 3 weeks with weekly monitoring by plaque assay and DLS. Titer of CYPHY phages over time in A) SM at 4°C and PBS at 37°C. Results are from one
experiment with n =3 phages, n=6 plaque assays per phage per timepoint. Ordinary two-way ANOVA with Tukey correction, ***P < 0.0001. B) The
size-intensity DLS spectra of CYPHY phages over time reveal that aggregation underlies loss of phage activity. Shown are averages of n=3 DLS
measurements per timepoint. Darker colors and vertical staggering are used to show progression in time. C) We quantified the nonintersecting area
(AUCA) between a subsequent DLS measurement and the baseline measurement to quantify changes in size distribution. AUCA is a scalar quantity with
values ranging from 0 (completely overlapping spectra) to 200 (completely nonoverlapping spectra). D) AUCA over time for all phages. E) AUCAis linearly
related to phage titer loss. Two-tailed Pearson's test for the significance of correlation.

We asked whether MgSO,4 and gelatin were essential for the
stability of CYPHY phages at 37°C. Therefore, we assessed phage
bioactivity and DLS spectrum after 1 week in storage at 37°C in
Tris only, Tris + MgSOy,, Tris + gelatin, Tris + MgSO, + gelatin, and
Tris + MgSO, + glycerol, and compared the change in titer and
DLS spectrum relative to samples stored in the same buffers at
4°C. Glycerol is another common stabilizer for freezing phages,
and we wanted to know whether it could stabilize CYPHY phages
at 37°C too.

We observed that TIVP-H6 was stable in all buffers with no titer
loss or change in DLS spectrum (Fig. 3A, D, G). LPS-5 was unstable
at 37°C in buffers lacking MgSO,: Tris only, Tris + MgSOy, and Tris
+MgSO, + glycerol, with >2 log titer loss relative to phage stored at
4°C (Fig. 3A). These conditions also showed marked aggregation
(Fig. 3E). OMKO1 was unstable at 37°C in Tris only, losing 1 log
(Fig. 3C). However, OMKO1 DLS spectra at 37°C were all similar
to 4°C, suggesting some lack of sensitivity (Fig. 3F).

Temperature and buffer selection are important variables that
impact phage stability and function. These data support the use of
DLS to select optimal conditions and identify necessary additives
to support phage stability under the desired conditions.

Oxidative damage to phages is reflected in DLS
measurements

We nextinvestigated the relationship between AUCA and titer loss
following oxidation. Our rationale for this was 2-fold. First, we
wanted to simulate oxidative stress that occurs in aqueous sus-
pension over time (23) or in tissues (35). Second, we wanted to
test the linear relationship AUCA and titer loss in a controlled sys-
temn. For this experiment, we prepared CYPHY phages at 1.25 x 10°
PFU/mL, titrated the phages with 0-20% H,0, for 20 min at room
temperature, and then removed the unreacted H,O, by several
rounds of dialysis. We recovered the phage from the dialysis
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Fig. 3. Optimization of phage storage conditions using DLS. Typically, temperature and buffer conditions must be optimized individually for each phage.
We assessed this for the CYPHY phages using DLS. A-C) Titer of CYPHY phages after 1 week of storage in several buffers (Tris, Tris + gel, Tris + Mg, Tris +
Mg + gelatin [SM buffer], and Tris + Mg + glycerol) at 4 or 37°C for 1 week. n=3 plaque assays were performed for three phages for five buffer conditions
each. Ordinary two-way ANOVA with Tukey correction. **P < 0.001, ***P < 0.0001. D-F) DLS spectra of CYPHY phages in different buffers. The solid line
represents phage stored at 4°C, while the dashed line represents phage stored at 37°C. Shown are averages of n = 3 DLS measurements for each phage and
buffer condition. G-I) AUCA vs. titer loss for CYPHY phages. Data are shown from one experiment. Two-tailed Pearson's test for the significance of

correlation.

cassettes and measured the resultant titer loss by plaque assay
and changes in size by DLS and TEM.

We observed that phages were variably sensitive to oxidative
stress. TIVP-H6 was most resistant to oxidation, with no titer
loss with <2% peroxide, and ~1 and ~3 log loss with 2 and 20%
H,0,, respectively (Fig. 4A). Correspondingly, aggregates were ob-
served in the DLS spectrum at 2 and 20% H,0, (Fig. 4B). LPS-5 suf-
fered 1-log, 4-log, and complete titer loss in response to 0.2, 2, and
20% H,0, (Fig. 4A). Right shifting of the DLS spectrum was ob-
served at 0.2 and 2% H,0,, with marked aggregation at 20%
(Fig. 4B). OMKO1 was most sensitive, suffering 1-log titer loss at
0.2% peroxide and complete loss thereafter (Fig. 4A). The DLS
spectra were unchanged at 0.2% H,0,, but aggregates were visual-
ized at higher peroxide concentrations (Fig. 4B). TEM showed that
phages were intact and dispersed at baseline, but then formed ag-
gregates upon oxidation with 20% H,0O, (Fig. 4E-]).

We measured AUCA for all phages and compared it with titer
lossby simple linearregression. We observed negative correlations
between AUCA and titer loss for all CYPHY phages (Fig. 4K-M). We
additionally observed that variation in AUCA explained a high pro-
portion of the variation in titer (r2 =0.71,0.69,and 0.34 for TIVP-H6,
LPS-5, and OMKO1, respectively).

Together, these data indicate that oxidative damage impacts
phage bioactivity. Oxidative damage is reflected in DLS measure-
ments as aggregation, and changes in size distribution are directly
related to titer loss.

DLS measurements reflect changes in lytic
function in 50-y-old T-series phages

Next, we used DLS to evaluate the status of phages that had been
stored for long periods. For this, we evaluated five “T-series”
Escherichia coli phages that were stored in sealed glass ampules
at 4°C over 50 years, starting in 1972 (36) (Fig. 5A). Previous work
identified that these phages had lost nearly all of their bioactivity,
except phage T6 (36) (Fig. 5B).

We used DLS to obtain the size distribution of the T-series
phages. Most phage samples were highly polydisperse, reflecting
both aggregates and fragments. The exception was phage T6,
which produced a single Gaussian peak at 200 nm (Fig. 5C). We
propagated fresh samples of T2, T4, and T6 to perform a compari-
son between an aged sample and a fresh one. This revealed sub-
stantial differences in the spectra in the cases of T2 and T4, but
not in the case of T6 (Fig. 5D). We were unable to propagate T3
and T7, so we predicted the baseline spectra for these phages as
Gaussians centered on Dy =60 nm. This predicted significant dif-
ferences in their spectra between aged and fresh samples (Fig. 5G
and H).

These data indicate that DLS can be used to distinguish active
from inactive phage samples and to identify active phage stocks in
a collection.

Genomic damage is not reflected in DLS
measurements

We predicted that environmental conditions that drive genomic
damage alone would cause phage titer loss but not changes in
phage size distribution and hence would not be reflected on the
DLS spectra. To this end, we irradiated CYPHY phages as well as
LUZ19 and LUZ24 from the Belgian cohort with germicidal UV-C
light (254 nm) for 20 min, and measured the resultant titer loss
by plaque assay and size distribution by DLS.

We observed thatirradiation resulted in a near-total loss of ac-
tivity for all phages (Fig. S2A), but did not affect their size distribu-
tion (Fig. S2B-F). Together with the data in previous sections, these
data indicate that structural but not genomic damage drives
phage aggregation and that DLS is best used to assess phage titer
loss in samples that have been shielded from ionizing radiation.

DLS can prospectively evaluate phage samples for
clinical use and inform in vivo phage therapy

We next modeled how DLS can be used to evaluate phage prepa-
rations for clinical use. We anticipate that prospective evaluation
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Fig. 4. Oxidation drives aggregation of phage, which predicts loss of bioactivity. We assessed the impact of oxidative damage on the CYPHY phages using
DLS and functional assessments of phage titer. A) Bioactivity titer of CYPHY phages in response to titration with 0-20% H,0,. Titer was measured by n =3

plaque assays per concentration. Titration was representative of n = 2 independent experiments. Ordinary two-way ANOVA with Tukey correction,

oD

<0.0001. B-D) DLS spectra of titrated phages. Shown are averages of n=3 DLS measurements for each peroxide concentration. Note peroxide
concentration-dependent changes in size. E-J) TEMs of E-G) intact and dispersed CYPHY phages (inset: a single phage at 80,000x magnification) and H-J)
aggregated CYPHY phages. Shown are representative images obtained at 12,000x magnification. Arrows point to phage aggregates. K-M) AUCA vs. titer
loss for CYPHY phages. A high proportion of the variation in titer is explained by variation in AUCA (i.e. aggregation). Linear regression includes data
pooled across n =2 independent experiments. Two-tailed Pearson's test for the significance of correlation.

of phage samples could serve as a useful quality-control step be-
fore administration to patients. To this end, we first developed a
web-based software application called “Phage-Estimator of Lytic
Function” (Phage-ELF; https:/jp22.shinyapps.io/shinyapp/). This
tool accepts minimally processed DLS and lytic activity data in
the .csv format to visualize DLS curves, calculate AUCA, train a
linear or logistic model, and finally make predictions on new
DLS data (Fig. 6A).

We prepared paired samples of LPS-5 at 10'° PFU/mL and inac-
tivated one by oxidation. The identity of each sample was blinded
to the experimenters. Then, DLS spectra of each sample were
measured, which identified one sample to have a single
Gaussian peak and the other to be severely aggregated (Fig. 6B).
Using the calibration curves for oxidized LPS-5 phage, Phage-ELF
estimated the titer loss to be 8.4 + 0.3 log,o PFU/mL. This closely
compared with the observed titer loss of 8.9 + 1.0 log;o PFU/mL
that was later measured (Fig. 6C). We estimated a titer loss in a re-
gion that was well-sampled on our standard curve. We note that
variance may be higher in other regions, and predictions derived
from such regions may be less accurate. Nonetheless, there was
strong agreement between titer loss determined by plaque assay
and DLS in this experiment.

To further assess the functional properties of these samples,
we used a mouse model of phage therapy. This incorporated a

delayed inoculation model of P. aeruginosa infection previously
published by our laboratory (37-39). Briefly, anesthetized mice re-
ceived full-thickness bilateral dorsal wounds made using a 6-mm
biopsy punch. The wound was then covered and inoculated the
following day with 10® colony-forming units (CFUs) of bacteria.
Two hours after infection and after the inoculum had been ab-
sorbed into the wound bed, mice were treated with saline, the
phage sample predicted to be active, or the phage sample pre-
dicted to be inactivated. Three days postinfection, bacterial infec-
tions were assessed by plating wound homogenates for CFUs
(Fig. 6D).

We observed that treatment with the intact phages resulted in
bacterial eradication in 50% of wounds and a significant reduction
in colonization relative to control and oxidized phages (Fig. 6E).
These data demonstrate that DLS predictions of phage titer loss
were precise in this model, and that DLS can provide useful, clin-
ically relevant information about the activity of a phage sample
prior to its use.

DLS can be applied in a logistic fashion

to predicted titer loss as a binary outcome

We observed linear correlations between AUCA and titer loss in
several instances (Figs. 2E, 3H and 4K-M). Thus, we chose to evalu-
ate the significance of linear association using the runs test for
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Fig. 5. DLS accurately identifies active phage in a cohort of inactive phages stored for 50 years. To evaluate the ability of DLS to assess the stability of
phage preparations, we studied a set of archival phage stocks. A) Picture of glass ampules in which T-series phages were stored for five decades. B) Titer of
n=>5 T-series phages prior to storage in 1972 and after opening in 2021. Here, we include titer data from Subedi and Barr (36). 1972 data are reported as a
single measurement. 2021 data are reported as n =3 plaque assays per phage. C) DLS spectra of T-series phages measured in 2022. Shown are averages of
n=3DLS measurements per phage. Only T6 remains as a monodisperse Gaussian with a mean hydrodynamic diameter of ~100 nm and is accordingly the
only phage to retain any activity. D) DLS spectra of old vs. newly propagated phage or simulated DLS spectra. Shown are averages of n=3 DLS

measurements per phage.

significant departure for linearity on all data points, finding it to be
nonsignificant for all CYPHY phages both when each phage was
considered individually (Fig. S3A-C) and all together (Fig. S3D).
We also observed that the strength of the linear association im-
proved when only LPS-5 and TIVP-H6 (phages with similar Dy)
were considered together (Fig. S3E).

Nonetheless, since linear associations can be erroneously de-
rived from data clustered around two points, we attempted an-
other method of using AUCA to predict titer loss. We conducted
logistic regressions on aggregated DLS and titer data for each
CYPHY phage to assess the ability of AUCA thresholds to predict
phage titer loss. Here, we treated titer loss as a discrete variable,
with 1 representing >0.5-, 1-, 1.5-, 2-, 2.5-, or 3-log changes in titer.
For each phage alone or in combination, we could produce statis-
tically significant logistic models describing how incremental
changes in AUCA predicted an increase in the likelihood of titer
losses above these thresholds. For example, a 1-unit increase in
AUCA was associated with an 8.6% increase in the odds of 1-log
titer change for LPS-5 (95% CI: 4.2-15.3%, P <0.0001). Similarly,
the values were 3.2% for TIVP-H6 (95% CI: 1.3-5.5%, P=0.0004),
7.3 for OMKO1 (95% CIL: 3.3-12.7%, P<0.0001), 4.5% for all
CYPHY phages combined (95% CI: 3.1-6.3%, P < 0.0001), and 4.5%
for LPS-5 and TIVP-H6 together (95% CI: 2.9-6.7%, P <0.0001).
The goodness of fit of these models (Tjur's Pseudo R-squared)
was 0.49, 0.26, 0.32, 0.37, and 0.41, respectively. Summary statis-
tics for all logistic models are given in Dataset S1.

We also evaluated the receiver operating characteristic (ROC)
of these logistic models. In line with our expectations, we ob-
served improved model performance for higher titer losses. For
all phages together, the ROC-AUC was 0.74, suggesting strong
classifier performance. In general, these data suggest that logistic
models on DLS data can allow users to predict user-defined
thresholds for titer loss with high performance even at low titer
losses and with increasing sensitivity and specificity for higher
titer losses.

Discussion

We report that DLS tracking of phage size distributions is an ef-
fective way to predict the bioactivity of phage preparations in a
semi-quantitative to quantitative manner. We demonstrate that
many environmental factors and handling procedures cause
phage damage and titer loss, with aggregation being an associated
endpoint. These findings were made using phages from human
clinical trials and 50-y-old archival phage stocks. Thus, phage bio-
activity isimpacted in ways that can be predicted from their phys-
ical state.

DLS offers several advantages over plaque assays for assessing
phage stability. Once standard curves are developed to associate
changes in physical state and changes in bioactivity, DLS alone
is faster, higher throughput, and less destructive than plaque
assays. Our vision is that this tool will enable optimization of stor-
age conditions for individual phages and quality control for post-
production batches of phages intended for clinical and research
applications. Because DLS instruments are already common
laboratory equipment, the approach developed here could be
readily adapted to commercial and research settings where mon-
itoring phage stability is essential.

Similar tools are suggested for product development and pro-
cess analytics in gene therapy programs involving adenovirus
(40). However, these approaches have not made inroads into
phage therapy, perhaps because the heterogeneity of individual
phage preparations and morphologies, and because of the critical
importance of lytic activity as an endpoint. We show here that
physical state can serve as an effective proxy of lytic activity, for
phages with diverse morphologies.

To encourage and highlight the translational potential of this
tool, we developed a web-based application to facilitate DLS ana-
lyses of phages, and demonstrated that DLS-based predictions of
phage activity can inform in vivo phage therapy. For these studies,
we established P. aeruginosa wound infections in mice using a
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Fig. 6. DLS-based predictions of lytic activity can inform the success of in vivo phage therapy. We developed a web-based application Phage-ELF to assess
phage titer loss using a standard curve generated for a given phage strain and set of perturbations. A) Phage-ELF trains a linear model on paired DLS and
lytic activity data, which can then be used to predict titer loss based on new DLS data and our AUCA analysis. This application and sample data are
available for download directly from https:/jp22.shinyapps.io/shinyapp/. B) DLS spectra of intact and oxidized LPS-5. C) Phage bioactivity titers predicted
from DLS data and Phage-ELF and actual measurements from lytic plaque assays. Two-tailed two-sample Student's t-test. D) Schematic of topical phage
therapy in a mouse model of P. aeruginosa wound infection. Mice were treated with saline, intact LPS-5 (10'° PFU/mL), or oxidized LPS-5 on days 1 and
2. Shown are averages of n=3 DLS measurements per phage. E) Bacterial burden after treatment. One-way ANOVA with Tukey correction, ***P < 0.0001.
Results from n =16 wounds for n=3 treatment conditions. Data are representative of n=2 independent experiments.

delayed inoculation protocol and subsequently administered
phage therapy. While animal models have previously been used
to study phage therapy for wound infections (41), these typically
co-administer bacteria and phages or involve indolent organisms
or immunocompromised hosts. Our protocol, using conventional
C57BL6 mice and a major cause of human wound infections
(P. aeruginosa), will enable future work in this field. Our simple al-
gorithms can be used to assess titer change using a standard curve
for a given phage and set of perturbations, and we hope that these
studies and tools will enable future therapeutic studies and re-
search into the structure-function relationships of lytic phages.

Our approach has several limitations. First, calibration curves
linking particle size to lytic activity must be re-derived for each
phage and set of conditions. Second, such curves may only be ac-
curate for well-sampled regions of the standard curve, and we
suggest that future implementations adequately sample the de-
sired predictive regimes. Third, the DLS spectra are sensitive to
the sampling procedure employed—the measured sample must
contain the aggregates, fragments, and intact components of
the population. Fourth, DLS is insensitive to sources of direct gen-
omic damage, such as UV light. Fifth, it is likely that DLS cannot
distinguish “ghost” phage particles (i.e. virions that have expelled
their genomes) from active phage particles. While phages are typ-
ically stored in ways that protect them from UV light; nonetheless,
additional assays may be required to specifically control for these
issues. Sixth, we hypothesize that phage decay products that are
similar in size to intact particles (e.g. Fig. 4]) may lead to an under-
estimation of phage titer loss.

Many questions remain. Our studies identified that phages had
different stability profiles, but the mechanisms underlying differ-
ential phage stability remain unknown. The relevance of these ap-
proaches to phage cocktails awaits further investigation. These
studies may also benefit from including more diverse phages
and other viruses (e.g. adeno-associated viruses and lentiviruses).

Materials and methods
Bacteriophage isolation and propagation

Phages and their bacterial hosts used in this study are listed in
Table S2. CYPHY phages were a kind gift from Felix
Biotechnology. Belgian cohort phages were a kind gift from Rob
Lavigne and Jean Paul Pirnay. T-series phages were a kind gift
from Jeremy Barr.

Phages were propagated using techniques that are well-
established in our laboratory (38). Briefly, we infected mid-log or
early log phase planktonic bacterial cultures until clearing was
observed relative to a noninfected culture. We then removed gross
bacterial debris by centrifugation (8,000 x g, 20 min, 4°C), and fil-
tered the supernatant through a 0.22 um polyethersulfone (PES)
membrane (Corning, Corning, NY, Product #4311188). The super-
natant was treated with 5U/mL Benzonase nuclease (Sigma-
Aldrich, Saint Louis, MO, USA; catalog #E8263) overnight at 37°C
to digest free DNA. Phage was precipitated by adding 0.5 M NaCl
+4% w/v PEG, molecular weight 8,000 (Sigma-Aldrich, catalog
#PHR2894) overnight at 4°C. Precipitated phage was then pelleted
by centrifugation (14,000 x g, 20 min, 4°C) and washed in 30 mL of
Tris-EDTA buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). Then, the
resuspended phage was re-pelleted by centrifugation (14,000 x g,
20 min, 4°C) and resuspended in buffer appropriate to that
phage/experiment and dialyzed against 4 L of the same buffer 3-
4 times through a 10-kDa dialysis membrane to remove residual
salts and PEG. This was repeated twice so that phages underwent
two rounds of PEG precipitation (Thermo Fisher Scientific,
Waltham, MA, USA; product #A52972).

Dynamic light scattering

All DLS size distributions were obtained using the Nano-Series Zeta
Sizer (Nano-NS ZEN3600; Malvern Instruments, Worcestershire,
UK) equipped with a 633-nm laser. Measurements were obtained
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at 25°C at a backscattering angle of 173°. Each individual DLS meas-
urement (single replicate) reported in this study is the average of 11
10-s measurements obtained after a 1-min vortexing period on half-
speed, 1-min equilibration period in the instrument, and with vari-
able attenuation to generate count rates >100 kcps. Additional re-
suspension was performed in some cases due to sedimentation.
Phage diffusion coefficients were calculated from auto-correlated
light intensity data, and hydrodynamic diameters (Dy) were calcu-
lated using ZetaSizer version 7 software with the Stokes-Einstein
equation.

Plaque assays

Plaque assays were used to quantify the number of infectious phage
particles. We used a spot-dilution double-agar overlay technique.
One hundred microliters of mid-log phase bacteria were added to
5mL of top agar (5g/L agar, 10g/L tryptone, 10g/L NaCl).
Magnesium sulfate and calcium chloride were added to a final con-
centration of 20 mM. The mixture was poured onto nonselective
Luria-Bertani (LB)-agar plates and allowed to solidify and dry briefly
(5 min). Serial dilutions of phage were prepared in SM buffer (50 mM
Tris-HCl, 100 mM NacCl, 8 mM MgSOy,, 0.01% w/v gelatin, pH7.5) and
10 uL of each dilution was spotted onto the top agar, incubated at
37°C overnight, and plaques were counted.

Transmission electron microscopy

The size and morphology of phages were examined with TEM
using a JEOL JEM1400 (JEOL USA Inc., Peabody, MA, USA) at
80 kV. Five microliters of diluted phage solution were dropped
onto carbon-coated copper grids (FCF-200-Cu, Electron
Microscopy Sciences, Hatfield, PA, USA). After 3min, the grid
was dipped into a ddH,0 droplet. One percentage of uranyl acet-
ate was dropped onto the sample for staining and allowed to dry
for 15 min before performing microscopy.

Sonication

Five hundred microliters of LPS-5 at 10'° PFU/mL in SM buffer were
sonicated using a probe sonicator (Branson Sonifier 250; Branson
Ultrasonics, Danbury, CT, USA) at maximum intensity for 10s.

Phage time series

About 1.5 mL of freshly prepared CYPHY phages were prepared in
SM buffer and dialyzed against 4 L of either SM buffer or PBS four
times. Phages were then filtered through 0.22 um PES membranes,
titered by plaque assay, and then diluted to a final concentration
of 10° PFU/mL. Phages were stored in 2 mL polypropylene tubes at
4 or 37°C with weekly monitoring by triplicate DLS and six repli-
cates of plaque assay. Belgian cohort phages were produced, fil-
tered, stored for 1 month until all phages had been produced,
and then monitored by triplicate DLS.

Phage stability in different buffers

Four hundred microliters of CYPHY phage were aliquoted to
1.5 mL polypropylene tubes at a concentration of 1.25 x 10% PFU/
mL in various buffers as described in the text. Paired samples
were incubated at 4 and 37°C. Plaque assays and DLS size meas-
urements were performed after 1 week of incubation to compare
storage at 4 vs. 37°C.

Oxidation

Hydrogen peroxide was diluted from a 30% w/v stock into Tris-Mg
buffer (50 mM Tris-HCl, 100 mM NacCl, 8 mM MgSQ,, pH 7.5) and

mixed with phage to a final concentration of 0.002 to 20% w/v per-
oxide. Peroxide-phage mixtures were mixed by pipetting.
Reactions proceeded for 20 min before dialysis against Tris-Mg
buffer in micro-dialysis cassettes (Xpress Microdialyzer MD300,
6-8 kDa; Scienova GmbH, Jena, Germany).

In vivo murine full-thickness wound infection
topical phage therapy model

All male C57BL/6] mice used for the in vivo wound infection phage
therapy experiment were purchased from The Jackson Laboratory
(Bar Harbor, ME, USA). All experiments and animal use proce-
dures were approved by the Institutional Animal Care and Use
Committee at the School of Medicine at Stanford University. The
study design was adapted from previously published work (37-39).

Briefly, 7- to 8-week-old male mice were anesthetized using 3%
isoflurane. Mice dorsum were shaved using a hair clipper and de-
pilated using Nair hair removal cream (Church and Dwight,
Ewing, NJ, USA). The shaved area was cleaned with betadine
(Purdue Frederick Company, catalog# 19-065534) and alcohol
swabs (Coviden WEBCOL). Mice received 0.1-0.5 mg/kg slow-
release buprenorphine (ZooPharm, Wedgewood Pharmacy,
Swedesboro, NJ, USA) subcutaneously as analgesic. Bilateral dor-
sal full-thickness wounds were created using 6-mm biopsy
punches to outline the wounding area, and the epidermal and der-
mal layers (up to the fascia) were excised using sterilized scissors.
The wounds were covered with Tegaderm (3M, catalog# 1642W).
Luminescent PAOT1:lux was grown under antibiotic selection
(100 pg/mL carbenicillin, 12.5 pg/mL kanamycin) in LB at 37°C
with shaking until mid-log phase. The inoculum was then diluted
to 2.5x 10* CFU/mL in PBS and verified by plating. Mice received
10® CFU/wound via injection into each wound under the
Tegaderm patch. Control mice were treated with SM buffer. Two
hours postinfection, all mice received the first treatment.
Twenty-four hours after the first treatment, all mice received a se-
cond treatment dose. Mice were weighed daily and provided with
Supplical Nutritional Supplement Gel (Henry Schein Animal
Health, catalog# 0409-4888-10). Three days postinfection, mice
were euthanized by CO, chamber and cervical dislocation, and
the wound bed was excised, homogenized, and plated for CFUs
onto LB-agar plates.

Statistical analysis

All column graphs and statistical analyses were performed using
Prism version 9 software (GraphPad, Boston, MA, USA). Statistical
significance was tested using two-tailed Pearson's test for simple
linear regressions, two-way ANOVA with Tukey correction for
multiple groups, and one-way ANOVA with Tukey correction in
the in vivo study. Mean + SD was depicted to describe spread of
data unless otherwise indicated.

DLS spectra of perturbed phage samples were compared with
control phage samples by computing the sum of the absolute val-
ues of bin-wise differences between the two histograms on the
size-intensity spectra in log scale (AUCA). Simple linear regression
was used to develop standard curves. Simple logistic regressions
were used to develop classifiers to predict titer losses from DLS
data.

Supplementary Material

Supplementary material is available at PNAS Nexus online.

$20Z yoJe\ €1 uo1senb Aq Gz 1St /2/90vpebd/z | /z/ejonie/snxauseud/woo dno-olwapeoe//:sdiy Woll papeojumo(]


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad406#supplementary-data

10 | PNAS Nexus, 2023, Vol. 2, No. 12

Funding

The authors gratefully acknowledge the following funding:
National Institutes of Health grant RO1 HL148184-01 (P.L.B.);
National Institutes of Health grant RO1 AI12492093 (P.L.B.); National
Institutes of Health grant RO1 DC019965 (P.L.B.); Cystic Fibrosis
Foundation grant (P.L.B.); Emerson Collective grant (P.L.B.); NIH grant
T32-GM007365 (T.D.); Stanford Interdisciplinary Graduate Fellowship,
Gold Family Graduate Fellow (T.D.).

Author Contributions

MJXK., T.D., and P.L.B.: conceptualization. T.D., MJ.K., and J.D.P.:
methodology. T.D.,, MJ.K.,,J.D.P,,Q.C.,, M.H,, and Y.-H.L.: investiga-
tion. T.D.,J.D.P.,and N.L.H.: visualization. P.L.B., F.G.B.,and S.C.H.:
supervision. T.D. and P.L.B.: writing—original draft. All authors:
writing—review and editing.

Preprints

This manuscript was posted on a preprint server: https:/www.
biorxiv.org/content/10.1101/2023.07.02.547396v1. doi: 10.1101/
2023.07.02.547396

Data Availability

All raw and processed data generated during and/or analyzed
during the current study are available for download in
DLS_full_data.zip and supplementary material. All unique biologic-
al materials (phages) are readily available from the authors, except
please note some materials may not be available due to time-
dependent decay. The Phage-ELF software is available as a web ap-
plication at https://jp22.shinyapps.io/shinyapp/. The R code is avail-
able for download at https://github.com/jpourtois/phageELF.

References

1 Larsson DG]J, Flach CF. 2022. Antibiotic resistance in the environ-
ment. Nat Rev Microbiol. 20:257-269.

2 World Health Organization. 2021. Antibacterial agents in clinical
and preclinical development: an overview and analysis. Geneva:
World Health Organization.

3 Murray CJ, etal. 2022. Global burden of bacterial antimicrobial re-
sistance in 2019: a systematic analysis. Lancet. 399:629-655.

4 Ooi ML, et al. 2019. Safety and tolerability of bacteriophage ther-
apy for chronic rhinosinusitis due to Staphylococcus aureus. JAMA
Otolaryngol Head Neck Surg. 145:723.

5 Wright A, Hawkins CH, Anggard EE, Harper DR. 2009. A con-
trolled clinical trial of a therapeutic bacteriophage preparation
in chronic otitis due to antibiotic-resistant Pseudomonas aerugino-
sa; a preliminary report of efficacy. Clin Otolaryngol. 34:349-357.

6 Miedzybrodzki R. et al. 2012. Clinical aspects of phage therapy.
Adv Virus Res. 83:73-121.

7 Rhoads DD, et al. 2009. Bacteriophage therapy of venous leg ul-
cers in humans: results of a phase I safety trial. ] Wound Care.
18:237-243.

8 Sarker SA, et al. 2016. Oral phage therapy of acute bacterial diar-
rhea with two coliphage preparations: a randomized trial in chil-
dren from Bangladesh. EBioMedicine. 4:124-137.

9 JaultP, etal 2019. Efficacy and tolerability of a cocktail of bacter-
iophages to treat burn wounds infected by Pseudomonas aerugino-
sa (PhagoBurn): a randomised, controlled, double-blind phase 1/
2 trial. Lancet Infect Dis. 19:35-45.

10

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

Suh GA, etal. 2022. Considerations for the use of phage therapy in
clinical practice. Antimicrob Agents Chemother. 66:e0207121.
Dedrick RM, et al. 2019. Engineered bacteriophages for treatment
of a patient with a disseminated drug-resistant Mycobacterium ab-
scessus. Nat Med. 25:730-733.

Strathdee SA, Hatfull GF, Mutalik VK, Schooley RT. 2023. Phage
therapy: from biological mechanisms to future directions. Cell.
186:17-31.

Marton HL, Styles KM, Kilbride P, Sagona AP, Gibson MI. 2021.
Polymer-mediated  cryopreservation of  bacteriophages.
Biomacromolecules. 22:5281-5289.

Gonzalez-MenendezE, et al. 2018. Comparative analysis of differ-
ent preservation techniques for the storage of Staphylococcus
phages aimed for the industrial development of phage-based
antimicrobial products. PLoS One. 13:e0205728.

Ackermann H-W, Tremblay D, Moineau S. 2004. Long term bac-
teriophage preservation. WFCC Newslett. 38:35-40.

Tovkach FI, Zhuminska GI, Kushkina Al. 2012. Long-term preser-
vation of unstable bacteriophages of enterobacteria. Mikrobiol Z.
74:60-66.

Joniczyk E, Ktak M, Miedzybrodzki R, Gérski A. 2011. The influence
of external factors on bacteriophages-review. Folia Microbiol
(Praha). 56:191-200.

Sacher ], Tremblay D. 2020. How the Félix d'Hérelle Center man-
ages its phages. Capsid Tail. 87.

Gill]J, Hyman P. 2010. Phage choice, isolation, and preparation for
phage therapy. Curr Pharm Biotechnol. 11:2-14.

Vandenheuvel D, Lavigne R, Briissow H. 2015. Bacteriophage
therapy: advances in formulation strategies and human clinical
trials. Annu Rev Virol. 2:599-618.

Johnson M. 2012. Antibody storage and antibody shelf life. Mater
Methods. 2:120.

Srivastava A, Mallela KMG, Deorkar N, Brophy G. 2021.
Manufacturing challenges and rational formulation develop-
ment for AAV viral vectors. ] Pharm Sci. 110:2609-2624.

LiJ, et al. 2019. Interfacial stress in the development of biologics:
fundamental understanding, current practice, and future per-
spective. AAPS]. 21:44.

Castro-Acosta RM, Rodriguez-Limas WA, Valderrama B, Ramirez
OT, Palomares LA. 2014. Effect of metal catalyzed oxidation in re-
combinant viral protein assemblies. Microb Cell Fact. 13:25.
Loison P, Majou D, Gelhaye E, Boudaud N, Gantzer C. 2016.
Impact of reducing and oxidizing agents on the infectivity of QB
phage and the overall structure of its capsid. FEMS Microbiol
Ecol. 92:fiw153.

Sacher]C, et al. 2021. Reduced infection efficiency of phage NCTC
12673 on non-motile Campylobacter jejuni strains is related to oxi-
dative stress. Viruses. 13:1955.

Malik DJ, et al. 2017. Formulation, stabilisation and encapsula-
tion of bacteriophage for phage therapy. Adv Colloid Interface Sci.
249:100-133.

Anderson B, et al. 2011. Enumeration of bacteriophage particles:
comparative analysis of the traditional plaque assay and real-
time QPCR- and nanosight-based assays. Bacteriophage. 1:86-93.
Szermer-Olearnik B, et al. 2017. Aggregation/dispersion transi-
tions of T4 phage triggered by environmental ion availability. ]
Nanobiotechnol. 15:32.

Sweere JM, et al. 2019. Bacteriophage trigger antiviral immunity
and prevent clearance of bacterial infection. Science. 363:eaat9691.
Chan BK, et al. 2018. Phage treatment of an aortic graft infected
with Pseudomonas aeruginosa. Evol Med Public Health. 2018:60-66.
Chan BK, et al. 2016. Phage selection restores antibiotic sensitivity
in MDR Pseudomonas aeruginosa. Sci Rep. 6:26717.

$20Z yoJe\ €1 uo1senb Aq Gz 1St /2/90vpebd/z | /z/ejonie/snxauseud/woo dno-olwapeoe//:sdiy Woll papeojumo(]


https://www.biorxiv.org/content/10.1101/2023.07.02.547396v1
https://www.biorxiv.org/content/10.1101/2023.07.02.547396v1
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad406#supplementary-data
https://jp22.shinyapps.io/shinyapp/
https://github.com/jpourtois/phageELF

Dharmarajetal. | 11

33

34

35

36

Blazanin M, Lam WT, Vasen E, Chan BK, Turner PE. 2022. Decay
and damage of therapeutic phage OMKO1 by environmental
stressors. PLoS One. 17:€0263887.

Chan B, et al. 24 January 2023. Personalized inhaled bacterio-
phage therapy decreases multidrug-resistant Pseudomonas aeru-
ginosa. medRxiv. https:/doi.org/10.1101/2023.01.23.22283996,
preprint: not peer reviewed.

Sanchez MC, Lancel S, Boulanger E, Neviere R. 2018. Targeting
oxidative stress and mitochondrial dysfunction in the treatment
of impaired wound healing: a systematic review. Antioxidants
(Basel). 7:98.

Subedi D, Barr]JJ. 2021. Temporal stability and genetic diversity of
48-year-old T-series phages. mSystems. 6:e00990-20.

37

38

39

40

41

de Vries CR, et al. 2020. A delayed inoculation model of chronic
Pseudomonas aeruginosa wound infection. J Vis Exp. 2020:156.
Sweere JM, et al. 2020. The immune response to chronic
Pseudomonas aeruginosa wound infection in immunocompetent
mice. Adu Wound Care (New Rochelle). 9:35-47.

Bach MS, et al. 2022. Filamentous bacteriophage delays healing of
Pseudomonas-infected wounds. Cell Rep Med. 3:100656.
Mcintosh NL, et al. 2021. Comprehensive characterization and
quantification of adeno associated vectors by size exclusion
chromatography and multi angle light scattering. Sci Rep. 11:
3012. (123AD).

Penziner S, Schooley RT, Pride DT. 2021. Animal models of phage
therapy. Front Microbiol. 12:631794.

$20Z yoJe\ €1 uo1senb Aq Gz 1St /2/90vpebd/z | /z/ejonie/snxauseud/woo dno-olwapeoe//:sdiy Woll papeojumo(]


https://doi.org/10.1101/2023.01.23.22283996

	Rapid assessment of changes in phage bioactivity using dynamic light scattering
	Introduction
	Results
	DLS can assess the structural integrity of phages
	DLS enables monitoring of phage stability �over time
	Optimization of phage storage conditions �using DLS
	Oxidative damage to phages is reflected in DLS measurements
	DLS measurements reflect changes in lytic function in 50-y-old T-series phages
	Genomic damage is not reflected in DLS measurements
	DLS can prospectively evaluate phage samples for clinical use and inform in vivo phage therapy
	DLS can be applied in a logistic fashion to predicted titer loss as a binary outcome

	Discussion
	Materials and methods
	Bacteriophage isolation and propagation
	Dynamic light scattering
	Plaque assays
	Transmission electron microscopy
	Sonication
	Phage time series
	Phage stability in different buffers
	Oxidation
	In vivo murine full-thickness wound infection topical phage therapy model
	Statistical analysis

	Supplementary Material
	Funding
	Author Contributions
	Preprints
	Data Availability
	References




