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Abstract: Chemotherapy-inhibiting tumor cell evolution to drug-resistance is potentially suppressed
by using a drug delivery vehicle (DDV) that has gating. Gating would be used to increase tumor-
selectivity of delivery of DDV packaged drug. Tumor-selectivity increase would make possible
increase in tumor-delivered drug dose, which would suppress opportunities to evolve drug resistance.
Currently used DDVs do not have gating but gating is a natural feature of some bacteriophages
(phages). Phage T4, which has recently been found highly persistent in murine blood, is a potential
gated DDV. Thus, here, we proceed towards a T4-DDV by developing (1) improved procedure for
generating high concentrations and amounts of phage T4, (2) elevated temperature-driven gate-
opening and ethidium- and bleomycin-loading, and (3) purification of loaded T4 by rate zonal
centrifugation. We test for loading by native agarose gel electrophoresis (AGE) with fluorescence
detection. We observe loading in both phage T4 and T4 (tail-free) heads. The loaded particles have an
openable, closed gate. Stored, mature T4 phages and phage heads do not release ethidium during at
least a month at 4 °C and 6 days at 37 and 42 °C. Tumor-specific T4 phage delivery is projected via
both the EPR effect and high T4 persistence.

Keywords: drug delivery vehicle; gated nanoparticle; metastatic cancer; native agarose gel
electrophoresis; ultracentrifugation

1. Introduction

Metastatic cancer is responsible for ~90% of cancer deaths [1-5], ~10,000,000 per year
worldwide [6], of which 606,520 per year occur in the United States [7] (year: 2020). The
cause of treatment failures is usually evolution of cancerous cells to resistance to whatever
therapy is being used. Resistance to chemotherapy can be generated via mutations in
cellular components involved in either metabolism or removing foreign molecules from
cells [8-10].

Whatever the source of drug resistance-generating tumor cell evolution, this evolution
can be reduced or prevented by increasing the drug dose to tumors. An illustration of this
principle is the evolution of phage T3 to resistance to the inhibition of its propagation by
0.9 M NaCl. No detectable resistant mutants (<1 in 10'!) exist in a wild-type T3 preparation,
even though similar preparations of a T3 amber mutant, for example, have revertants
at the level of 1 in 10° to 1 in 10°. On the other hand, when T3 mutants are selected by
gradual, stepwise increase in NaCl concentration, one does eventually obtain T3 mutants
that propagate in 0.9 M NaCl [11]. The objective is to suppress stepwise evolution of the
cells of tumors.

However, the tumor-delivered amount of an anti-cancer drug is limited by drug-
toxicity to healthy cells. One therapeutic response has been to encapsulate drugs in a
drug delivery vehicle (DDV), which is typically a liposome, but can also be either a virus,
bacterial cell or a non-biological particle [12-17]. However, previous DDVs were not gated.
Thus, either drug association with the DDV was tight, usually covalent, or the DDV leaked
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drug when in blood [12-17], which generates toxicity. Liposomal DDVs are the primary
FDA-approved DDVs [14]. However, drug leakage from liposomal DDVs has compromised
their effectiveness [14,15].

Phages are viruses that infect bacteria and have no history of causing any human
ailment, even when therapeutically injected into people [18,19]. They enter human cells
but do not replicate there [20,21]. Mature particles of any given phage are mostly uniform
in both size and structure. Capsids of the related phages, T3 and T7, have been found to be
gated. The evidence points to the gate location being at a portal ring through which DNA
enters the capsid during assembly and exits the capsid during infection of a host cell of
Escherichia coli [22].

The following characteristics of either phages or their capsids would assist develop-
ment as gated DDVs: (1) persistence in blood of 3-6 h at least, (2) possession of a gate
that can be opened for drug loading outside of a patient and, then, closed during DDV
storage, administration to a patient and circulation in blood, (3) preferential migration to
tumors and (4) drug release either via intra-tumor DDV disruption or opening of a DDV
gate. Additional properties needed are (5) inexpensive, simple preparation of DDV in large
amount and (6) inexpensive, simple purification of drug loaded DDV in large amount.

In the current study, we develop characteristics (2), (5) and (6) for phage T4. Phage T4
is already known to have characteristic (1), the high persistence needed [23]. We discuss
future access to characteristics (3) and (4) via paths suggested by current data.

2. Materials and Methods
2.1. Phage T4 Propagation and Initial Purification for Preparative Fractionation

Phage T4 [24] was obtained from Dr. W. B. Wood. When propagated for preparative
open-gate loading, phage T4 was propagated in Petri plates. Relatively large Petri plates,
15 cm in inner diameter, were sometimes used. Each Petri plate had a 1.0 % lower layer
gel of agar (Fischer Chemical, Pittsburgh, PA, USA) with the following media components
per liter of water: 10 g Tryptone (Fisher Chemical, Pittsburgh, PA, USA), 5 g NaCl. Both
phage and host were poured over the lower layer in the following solution kept molten
at 50 °C before pouring: 0.12% Seakem Gold agarose (Lonza, Rockland, ME, USA) in
2xLB medium: 20 g/liter tryptone, 5 g/liter NaCl, 10 g/liter Bacto yeast extract (BD Bio-
sciences, Haryana, IN, USA), all dissolved by autoclaving. The host, Escherichia coli BB/1,
was added in 1 (~20 pL) drop for each 1.0 mL of molten agarose solution. The drops of host
were in 2xLB medium, the host cells having been propagated in aerated 2x LB medium to
4.0 x 10® cells per ml (log phase). Just before pouring the top layer (12 mL per 15 cm-diameter
Petri plate) over the bottom layer, 100 uL of phage T4 (10° plaque forming units [PFU]
per mL) was added per 12 mL of molten agarose solution and mixed. The molten mixture
was allowed to gel at room temperature.

After inoculating Petri plates, phages were propagated by incubating the Petri plates
at 30 °C for 16-19 h. Petri plates had not completely cleared at the end of the incubation.
The top agarose layer was then removed, the agarose was broken into pieces with a spatula
and the entire mixture was vortexed to help release phages. Chloroform was not used.
Agarose and relatively large host fragments were pelleted by centrifugation at 10,000 rpm
for 10 min at 4 °C in a Beckman 16.250 rotor (Indianapolis, IN, USA) (15,000x ¢ maximum).
After twice washing the pellet and adding the washes to the preparation, the phages and
related particles were pelleted by centrifugation at 14,000 rpm, for 160 min at 4 °C in a
Beckman 16.250 rotor (29,400 x ¢ maximum). The following buffer (0.2 P-M) was placed
over the pellet for 1620 h (often overnight): 0.2 M NaCl, 0.01 M sodium phosphate, pH 7.4,
0.001 M MgCl,. Resuspension of the phages was completed by repeated pipetting.

2.2. Phage T4 Preparation for Analytical Fractionation

Phage T4 for analytical (only) studies (i.e., Figure 6, below) was prepared as previously
described [25]. The purification procedure ended with buoyant density centrifugation in a
cesium chloride density gradient, followed by slow dialysis.
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2.3. Fractionation by Rate Zonal Centrifugation in a Sucrose Gradient

The partially purified phages from Section 2.1 were subsequently further purified by rate
zonal centrifugation in a sucrose gradient. This purification was sometimes performed for
T4 phages that had been previously incubated with either ethidium or bleomycin. In the latter
case, phages were separated from unloaded ethidium and bleomycin, as illustrated below.

To perform this fractionation, a linear, 11.5 mL, 10-35% linear sucrose gradient, in the
following buffer, was poured in a centrifuge tube for the Beckman SW41 rotor: 0.01 M Tris-Cl,
pH 7.4, 0.01 M MgSQO,, 6% polyethylene glycol 3350. The polyethylene glycol stabilized phage
particles. A 0.8 mL amount of the partially purified phage preparation was layered on the
top of this gradient and, then, centrifuged at 25,000 rpm (77,005x g average), for 80 min, at
5 °C. The result was initially observed by illuminating the bottom of the centrifuge tube with
visible, white, fluorescent light (Thermolyne LL-6515, Dubuque, IA, USA) and photographed.
Fractions of the gradient were obtained by pipetting from the top. This fractionation procedure
(1) avoided movement of the sucrose gradient during fractionation and, therefore, minimized
the (viscosity-dependent, variable fluid movement-induced [26]) spreading of particles dur-
ing fractionation, and (2) made possible collection of fractions in volumes that preserved
the banding pattern observed visually, as in Figure 2, below. Fractions were stored in the
dark at4 °C.

2.4. Native Agarose Gel Electrophoresis

To obtain additional information about the contents of a sucrose gradient, each fraction
was analyzed by native, horizontal, submerged agarose gel electrophoresis (AGE). The
agarose gel was made of 0.4% Seakem LE agarose and was cast in and submerged beneath
the following buffer (electrophoresis buffer): 0.09 M Tris-acetate, pH 8.4, 0.001 M MgCl,. A
sample of a fraction of a sucrose gradient (5 pL in the case of Figure 2, below) was diluted
to 30 pL in electrophoresis buffer with enough sucrose to add 5.8% sucrose to the final
sucrose concentration. This mixture was layered in a sample well of the agarose gel.

After loading the sample wells of the gel, electrophoresis was performed at 1.0 V/cm,
25 4 0.3 °C for the time indicated. Buffer was circulated, from one buffer tank to the other,
through a temperature-controlled water bath, to prevent the formation of pH gradients and
to help control temperature. The gel was then illuminated with a short wave ultraviolet
transilluminator (Ultra-Violet Products Model TM-36) and photographed, without having
been stained post-AGE. Thus, if a particle contained a fluorescent molecule, it would be
visible, even though the gel was not stained post-AGE.

The molecules tested for loading are both fluorescent: ethidium, which undergoes fluo-
rescence enhancement when bound to dsDNA [27] (emission filters used: Tiffen Orange 21;
Tiffen Yellow 12, as indicated in the text), and bleomycin [28] (emission filter used: 11,
Green 1). Ethidium is more sensitively detected. One of the limitations for in-gel detection
of bleomycin is that the peak of bleomycin fluorescence emission is in the blue region [28],
which is also the color of the dominant, background light scattering from an agarose gel. A
green filter is used to detect bleomycin.

To determine the distribution of all nucleic acids after AGE, staining of an agarose gel
was performed by adding a 1/250 dilution of GelStar (green peak fluorescence emission;
Lonza) to the electrophoresis buffer and incubating for 2.0 h at room temperature. The
GelStar-stained gel was observed while illuminated with ultraviolet radiation, as above. To
increase the staining and expel packaged DNA, this initial GelStar staining was followed
by incubation, for the time indicated and at room temperature, of the gel in the following
solution: 0.002 M EDTA, pH 7.4 (see [29]). The expulsion of DNA increased the staining
of DNA because of the loss of steric restrictions on DNA-bound stain, as previously
demonstrated for ethidium in solution [30].

Gels previously stained, as described above, were sometimes subsequently stained for
protein. The stain was Fast Coomassie blue.



Biophysica 2022, 2

369

2.5. Electron Microscopy

To further characterize band-forming particles in sucrose gradients, they were observed
by electron microscopy. Negative staining with 1.5% uranyl acetate was used to prepare
specimens. Details of the procedure have been previously described [31]. Negatively stained
specimens were observed in a JEOL100CX electron microscope, operated at 80 kV, in the
Department of Pathology at the University of Texas Health Center at San Antonio.

2.6. Loading of Ethidium and Bleomycin

Ethidium (purchased from Sigma-Aldrich, St. Louis, MO, USA) and bleomycin (pur-
chased from Caymen Chemical, Ann Arbor, MI, USA) were loaded in phage T4 by incuba-
tion with the partially purified phage T4 preparation in Section 2.1. To this preparation was
added 0.2 P-M buffer, a buffer that had previously been used in studies of the binding of
dyes to packaged T4 DNA [25]. For loading of ethidium, 250 pg/mL ethidium bromide
(final concentration) was also added. For loading of bleomycin, 10 mg/mL bleomycin (final
concentration) was added. Loading was performed at the temperature indicated for 1.0 h,
unless otherwise indicated.

3. Results
3.1. Production of Phage T4 and Initial T4 Purification

Phage T4 production was simplified by substituting in-gel propagation for the typical
in-liquid culture propagation. The phage inoculation of the gel was at a level high enough
to induce lysis that was extensive, but, as detected visually, was not completely confluent
(plate stock; Figure 1). Then, phage T4 particles were partially purified by low- and high-
speed centrifugation (Section 2.1). The preparation of partially purified particles included a
mixture of T4 phage particles and T4 capsids. Incompletely packaged DNA (ipDNA) was
present in some T4 capsids (ipDNA-capsids), as discussed below.

Figure 1. A (contrast-enhanced) conventional photographic image, with illumination from the bottom,
of a4 x 6 cm portion of a Petri plate used for preparative propagation of phage T4 in-gel (plate stock).
Propagation was for 17 h. The light regions (plaques) are completely clear to the eye.

Preparations varied in the amount of phage produced. To obtain a total of 10'® plaque
forming units (PFU), the total surface area of the Petri plates needed was usually 600-1400 cm?.
This is equivalent to 6-15 medium-sized (110 mm inner diameter) Petri plates.

3.2. Ethidium Loading and Purification of Loaded Phage T4

To load ethidium in the partially purified phages (and phage related particles) from
Section 2.1, these particles were incubated with 250 pug/mL ethidium at 54 °C for 1.0 h
This procedure had been suggested by previous finding of ethidium binding to packaged
T4 DNA at temperatures between 50 and 55 °C, but not lower [25].

To test for ethidium-loading and to purify whatever particles were ethidium-loaded,
the loading mixture was subsequently fractionated by rate zonal centrifugation in a 10-35%
linear sucrose gradient. When the centrifuge tube was subsequently illuminated from
the bottom with visible, white light, the following were observed: (1) unloaded ethid-
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ium, seen as an orange band (E in Figure 2a) just below the meniscus (M in Figure 2a;
B indicates the bottom of the centrifuge tube) of the sucrose gradient, and (2) two bands
revealed by light scattering. The more intense of these two bands was more than half-way
through the sucrose gradient (¢ in Figure 2a); the less intense band was closer to the origin
(C in Figure 2a). Fractions of the sucrose gradient, indicated by horizontal lines bracketing
fraction numbers in Figure 2, had infectivity titers with a peak coinciding with the peak of
¢ band intensity (Legend to Figure 2). Thus, phages formed at least part of the ¢ band.

34567 8 91011121314 1516

Figure 2. Post-ethidium-loading fractionation and assay of phage T4 by rate zonal centrifugation in a
sucrose gradient. (a) a sucrose gradient after ethidium-loading; (b) a control sucrose gradient without
ethidium loading; (c¢) AGE for 16.0 hr. of fractions from panel (a), without staining of the gel [lane
numbers are the fraction numbers in (a)]. Lanes A and B have fraction 11 of (a) after incubation for
6hat37°Cand 42 °C, respectively. Arrowheads indicate the origins; the arrow indicates the direction
of electrophoresis. The titers of gradient fractions were the following (fraction number, followed by
titer x 107 PFU/mL: (a) 7, 0.49; 8, 0.60; 9, 0.42; 10, 7.1; 11,292; 12, 167; 13, 5.8; 14, 4.5; 15, 3.6. (b) 7, 2.3;
8,3.8;9,4.1;10, 181; 11, 601; 12, 442; 13, 169; 14, 99; 15, 105.

The particles of the C band in Figure 2a had no significant infectivity above background
(not shown). As shown below, the C band was formed by capsids and ipDNA-capsids
almost all without the phage tail. These particles were not expected to be infective. Both ¢
and C bands were symmetrical, a characteristic of bands formed by particles not detectably
variable in sedimentation rate.
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The light scattering profile in Figure 2a was the same as the light scattering profile
from a control sucrose gradient (Figure 2b) that had been co-centrifuged after layering a
portion of the sample of Figure 2a that had not been incubated with ethidium. However,
the ¢ and C bands in Figure 2a had a slight orange tint that the control ¢ and C bands
in Figure 2b did not have. The orange color became stronger, and the E band became
weaker (eventually not detectable) when the number of phages centrifuged was increased
(not shown). Thus, the orange tint of the ¢ and C bands in Figure 2a was from association
of ethidium with ¢- and C-band particles, as confirmed for ¢-band particles in more detail
in Section 3.4.

Nonetheless, the ¢p-band-associated titers in Figure 2a,b were comparable (Legend to
Figure 2). Infectivity was mostly retained after incubation with ethidium. The fractions
had been kept in the dark to avoid the photoinactivation that has been induced by reactive
oxygen-generating, cationic dyes and DNA intercalators ([32,33] and included references).

However, ethidium loaded T4 did slowly lose infectivity titer over a period of weeks.
Storage for three weeks resulted in a 24% titer loss in comparison to unloaded T4.

3.3. Identity of Band-Forming Particles: Electron Microscopy

The particles that formed the C band were T4 capsids that appeared empty when
observed by electron microscopy of a negatively stained preparation (Figure 3a). Over 98%
of these capsids had no tail. However, a few of them did have a tail (arrow in Figure 3a).
Although not detected by the electron microscopy, some C band-capsids had ipDNA, as
seen by agarose gel electrophoresis of DNA expelled from capsids. The ipDNA length was
variable and, for the most part, less than 7% of the 170 Kb length [34] of mature T4 DNA
(not shown). The presence of DNA in some C band capsids is confirmed below. The C
band capsids were 90 + 5 nm wide and 105 £ 10 nm long.

100nm

Figure 3. Transmission electron microscopy of negatively stained, unloaded particles that form
(a) the C band and (b) the ¢ band after rate zonal centrifugation in a sucrose gradient. The arrow in
(a) indicates a rare capsid with a tail. The arrow in (b) indicates a retracted tail fiber next to a tail.

As expected, electron microscopy revealed that particles that formed the ¢ band
were primarily phage T4 with elongated capsid (90 & 5 nm wide; 115 & 5 nm long) and
100 nm long tail (Figure 3b), within error, the same as previously observed [24,34,35].
The tail fibers were adjacent to and aligned with the tail (arrow in Figure 3b), i.e., in the
retracted conformation previously described [36,37]. Occasional DNA-filled, phage-like
capsids without tails were also seen.
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3.4. Ethidium Loading Assayed by Native Agarose Gel Electrophoresis (AGE): Stability of Loading

To perform a more complete and more detailed assay for ethidium loading, the
fractions of Figure 2a were analyzed by AGE without staining of the gel. Ethidium was
detected by fluorescence excited by illumination of the gel with ultraviolet light. The result
(Figure 2c) was that two AGE-bands of orange fluorescence were observed for samples
from the sucrose gradient’s ¢-peak region (i.e., fractions 11 and 12 of Figure 2c). The result
for the unloaded control of Figure 2b was that the gel had no detected fluorescence of any
visible color (not shown). Thus, this assay directly showed the association of ethidium
with (possibly the loading of ethidium in) two T4-related particles, at least one of which
was the mature phage. The more origin-proximal particle after AGE (¢ band in Figure 2c)
is identified, below, to be the band formed by infective phages; the more original distal
band is identified, below, to be a phage without its tail (¢-T band in Figure 2c). The co-
sedimentation of these two particles in the sucrose gradient of Figure 2a is presumably
explained by equality of the following opposing effects of tail addition: (1) decrease in
sedimentation rate from increase in viscous drag and (2) increase in sedimentation rate
from increase in mass.

Before the analysis by centrifugation and AGE, the loading procedure had been tested
and found reproducible. This was done in three independent experiments performed by
use of AGE alone, without the sucrose gradient (Section 3.7).

To further analyze the fractions of Figure 2a, the gel of Figure 2c was stained with
GelStar (green peak emission; specific for nucleic acid), after the image of Figure 2c was
obtained. To simultaneously observe both orange ethidium fluorescence and green GelStar
fluorescence, a yellow emission filter was used. Initially, two observations were made. First,
the C band-forming particles were stained green with GelStar (Figure 4b); Figure 4a has the
profile before GelStar staining. In a separate experiment, the particles forming the C band
also stained with ethidium, post AGE (not shown). These results confirmed the presence
of ipDNA in some of the C band-forming capsids. Thus, these C band-forming capsids
were assumed to have loaded with ethidium at 54 °C, but to have lost their ethidium either
during or after rate zonal centrifugation in the sucrose gradient of Figure 2a. The orange
tint of the C band in Figure 2a implies loss of at least some ethidium after sedimentation
in the sucrose gradient. These observations implied that the two AGE identified particles
forming the sucrose gradient’s ¢ band had an ethidium-release barrier (presumably a
closed gate) not present in the particles of the C band.

Second, in contrast to the green fluorescing C band-particles, the ¢ and ¢-T particles
in Figure 4b (from fractions 11 and 12 of Figure 2a) retained their orange fluorescence after
staining with GelStar. As shown below, green GelStar fluorescence did replace orange
ethidium fluorescence when ¢ band particles were subsequently disrupted. Thus, the
retention of orange fluorescence in Figure 4b was a second indication of a barrier to the
entry of molecule, GelStar in this case, to the (DNA-containing) interior of the ¢ and ¢-T
particles of Figures 2c and 4.

The ¢- and ¢-T-band-particles underwent progressive replacing of orange ethidium
fluorescence with green GelStar fluorescence when the following phage-disrupting solu-
tion was substituted for electrophoresis buffer during GelStar staining: 0.002 M EDTA,
pH 7.4. Figure 4c displays partial substitution after incubation at room temperature for
3 h; Figure 4d displays almost complete substitution after incubation at room temper-
ature for 16 h. The disruption occurred because of increased pressure of the packaged
DNA on the phage capsid in low ionic strength solutions with EDTA-chelated divalent
cations [29,30]. As expected, ethidium-loaded ¢ and ¢-T band-particles had protein, as
indicated by staining with Coomassie blue (not shown).
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Figure 4. Post-AGE GelStar staining. After the orange-filtered image of Figure 2c was recorded, the
same gel was stained with GelStar. Images were recorded with a yellow filter (a) before staining with
GelStar, (b) 2 h after staining with GelStar in electrophoresis buffer, (c) 3 h after continuing the GelStar
staining in 0.002 M EDTA, pH 7.4 and (d) 16 h after further continuing the staining in panel (c). The
arrowheads indicate the origins of electrophoresis; the arrow indicates the direction of electrophoresis.

Even though C band-particles differed in sedimentation rate from ¢-T band-particles,
the subsequent AGE in Figure 4 had C band particles migrating a distance within 2% of
the distance migrated by the ¢-T band-particles and the following is the interpretation.
Assuming that these two particles were both phage components, the near co-migration
implied that the surfaces of these two particles were similar. The reason is that the gel
electrophoretic properties of a particle depend, unlike the rate of sedimentation, only on
the surface of the particle [38,39], not on what is in the interior. The C band-particles were
capsids without a tail by electron microscopy. Therefore, the ¢-T band-particles were the
same on the surface and had a capsid without a tail. However, they had mature-length DNA
(rather than ipDNA) in the interior. The longer DNA caused the more rapid sedimentation
of the ¢-T band-particles. Phages without tails are non-infective and have been typically
called heads [34-37]. We will use this terminology in subsequent text. Thus, the ¢ band of
AGE was the band formed by infective phage particles. The heads and phage both had a
permeability barrier that the capsids of the C band did not have.

Ethidium loading did not detectably alter the migration of either phage T4 or T4
heads during AGE. This was seen (1) by side-by-side AGE in a single gel during loading
experiments in which AGE was performed without rate zonal centrifugation (Section 3.7)
and (2) by separate AGE performed post- sedimentation (data not shown). Loading
ethidium also did not detectably (+3%) change Rg because loading ethidium did not
change the rate of sedimentation in a sucrose gradient (Figure 1a,b). Thus, the absence of
effect on AGE implies that ethidium loading also did not detectably (£3%) change o.

3.5. Stability of Loading

The phages and heads that formed AGE-bands in Figures 2c and 4 had remained
ethidium-loaded after (1) fractionation in a sucrose gradient at 5 °C, storage for ~30 days at
4 °C and AGE for 16 h at 25°C. This result did not significantly change when the analysis
of Figure 2c was re-run after 48 days of additional storage at 4 °C (not shown). In other
words, no ethidium-leakage was detected during this time of storage.
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Anticipated use of a drug loaded phage T4-DDV will subject phage T4 to temperatures
as high as 41 °C, depending on whether a patient has a fever. Thus, we determined
whether ethidium-loaded phage T4 would lose ethidium at 37 °C and 42 °C. Incubating
ethidium-loaded phages, from the sucrose gradient of Figure 2a, for 6.0 h, did not cause
detectable loss of ethidium fluorescence when temperature was 37 °C (Figure 2c, lane A)
and, separately, 42 °C (Figure 2c, Lane B). This result was the same when the incubation
time was 6 days (not shown). However, incubation at 54 °C for 6.0 days did cause complete
loss of the phage-associated ethidium fluorescence (not shown). The presumed reason is
opening of the same gate that was opened to load the ethidium. Migration distance during
AGE did not change during these trials.

3.6. Bleomycin Loading

Having used ethidium (394 Da) as a drug proxy to test procedure, we next tested the
loading of the anti-cancer drug, bleomycin, in phage T4. Bleomycin is larger (1416 Da) and
should both load and leak with more difficulty. Unfortunately, bleomycin fluorescence
is also weaker than ethidium fluorescence and has a blue emission peak. Blue is the
dominant color of the background light scattering of an agarose gel. Initial tests revealed
that bleomycin was best detected in-agarose gel by use of a green emission filter. In
any case, bleomycin was much harder to detect in-gel than either ethidium or GelStar
(details for GelStar [22]). Thus, we used a more concentrated preparation of phage T4. We
loaded at 58 °C.

The AGE profile of a sucrose gradient, after bleomycin loading at 58 °C, is shown
in Figure 5. Both a ¢ band and a ¢-T (phage head) band are observed. The bands are
broader than they are in Figure 2c because of a higher concentration of sample in the sucrose
gradient. The infectivity profile near the ¢-band of the sucrose gradient is in the Legend to
Figure 5. No significant loss in titer is observed when these titers are compared to the titers
of a control sedimentation of a sample that had not been incubated with bleomycin.

Figure 5. Bleomycin-loading of phage T4, assayed by rate zonal centrifugation, followed by AGE.
AGE for 15.5 h is shown of the fractions of the sucrose gradient. A preparation more concentrated
than in Figure 2 was used. Fluorescence was imaged with the green emission filter. The contrast
was digitally enhanced. The arrowheads indicate the origins of electrophoresis; the arrow indicates
the direction of electrophoresis. The titers of gradient fractions were the following (fraction number,
followed by titer x 10! PFU/mL: 7, 0.023; 8, 0.015; 9, 0.021; 10, 0.035; 11, 0.030; 12, 0.017; 13, 9.0; 14,
150; 15, 77.6; 16, 54.3; 17, 43.3; 18, 34.7.

Via bleomycin standards pipetted into the gel (see [22]), we found the concentration of
loaded bleomycin to be 450 pg/mL (volume = ~1 mL) in the peak fraction of Figure 5. The
recommended dose of DDV-free bleomycin depends on the tumor, but is typically [40,41]
10-20 units/m?, corresponding to ~10-20 mg/m?. An average 25-g mouse has surface
area of 0.0079 m? [42]. Thus, the recommended dose per 25 g mouse is 79-158 pg. In this
experiment, we have T4-loaded enough bleomycin for 5-10 murine therapy attempts.
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3.7. Loading Details; Analytical AGE without the Sucrose Gradient

To advance phage-DDV loading in the future, an analytical loading assay should be
more efficient than the preparative, centrifugation-based assay presented above. Indeed,
before development of this preparative assay, AGE was performed without centrifugation.
The phages had been previously purified by procedure that ended in buoyant density
centrifugation in a cesium chloride density gradient (Section 2.2). Figure 6 shows the
AGE/fluorescence-observed ethidium loading vs. ethidium concentration. The ethidium
concentration (ng/mL) is at the top of a lane in Figure 6. This gel was stained, after AGE,
with GelStar.

The AGE profile had two major bands. The more origin-proximal, green (i.e., GelStar
fluorescing), sharper band (D in Figure 6) was formed by T4 DNA that had been expelled
from phage particles before AGE. The second, more origin-distal, orange (i.e., ethidium
fluorescing), broader band (¢ in Figure 6) was formed by T4 phage particles with a closed
gate that blocked GelStar entry. The band formed by heads was not present because heads
have a lower density than phages during the buoyant density centrifugation that purified
the T4 phages. The identity is not known for the particles forming weak bands origin
proximal to the DNA band.

The fluorescence of the ¢ band in Figure 1 increased as ethidium concentration in-
creased from 0 ug/mL to 40 ug/mL and then decreased at higher ethidium concentrations.
The decrease is expected because of self-quenching, previously observed with DNA-bound
GelStar [22] and ethidium [43]. Self-quenching of DNA-bound ethidium fluorescence is
caused by ethidium not bound to DNA [43].

The rate of phage T4 migration was the same at all ethidium concentrations in Figure 6.
This, together with the non-ethidium-alteration of sedimentation rate in Figure 2, confirms
the above conclusion that binding of ethidium does not alter (£3%) either the o or the size
of phage T4.

The result of Figure 6 was seen in two other similar trials. That is to say, the loading
is reproducible, having also been seen in Figure 2 by centrifugation-based procedure
performed with a phage T4 preparation of different type.

0 0.5 5 10 20 40 80160 200

Figure 6. AGE of loading without the sucrose gradient. AGE for 17.0 h is shown after loading of phage
T4 (0.29 ug packaged DNA) performed at 55 °C for 15 min at the ethidium concentration (ug/mL)
indicated at the top of a lane. The arrow indicates the direction of electrophoresis. The arrowheads
indicate the origins of electrophoresis. Fluorescence was imaged with the yellow emission filter.

4. Discussion
4.1. Advantages of the Preparative and Analytical Procedures Used Here

In-gel propagation, as used here, has the following advantages for preparing a phage
T4-DDV, especially when scaled to industrial dimension. First, the equipment and proce-
dure are simple and inexpensive (relative to in-liquid culture) and are relatively immune
to phage contamination of the host, pre-infection. The key determinant of phage amount
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produced, per area of Petri plate, is the density of plaques (Figure 1). Second, the absence
of liquid culture eliminates the possibility of phage contamination of the laboratory via
aerosols generated during propagation. Mechanical aeration is not used. Third, the labor
involved is significantly less than it is for a liquid culture. After starting incubation of
plates, no attention from an investigator is needed until harvesting. Fourth, at least in our
hands, the yield per volume of medium used is higher in-gel. Fifth, plate harvesting is
automatable, for industrial upscaling.

In the current study, phage purification by rate zonal centrifugation was used, instead
of the often used [11,39,44,45] buoyant density centrifugation in a cesium chloride density
gradient. The reasons are the following. (1) When phage T4 particles are in concentrated ce-
sium chloride solutions, some of them are osmotic shock-inactivated during rapid dilution
into less concentrated solutions. Thus, subsequent analysis must be done after slow, step-
wise dilution, which is resource consuming and may still result in low-level inactivation.
(2) Rate zonal centrifugation, but not buoyant density centrifugation, separates ethidium-
and bleomycin-loaded phages from the unloaded compound. This is critically important
for use of phage T4 as a DDV.

Osmotic shock is not a problem with T4 diluted from a sucrose gradient, apparently
because, like ethidium, sucrose does not enter T4 at the temperatures used to handle phages
in a sucrose gradient. The polyethylene glycol in the sucrose gradients used here provides
further stabilization [46]. The closed T4 gate does leave an opening large enough for
osmotic shock-generating permeation of NaCl and CsCl [47,48]. However, the occurrence
of osmotic shock implies that outward permeation of NaCl and CsCl ions is relatively
slow, so that inward permeation of water has time to generate pressure that causes osmotic
shock [47,48]. Screening for additional phages with T4-like loading can be rapidly done by
testing for osmotic shock-induced loss of titer during rapid dilution from concentrated to
dilute solution of NaCl.

Fortunately, phage T4 can be loaded when only partially purified, before being further
purified by rate zonal sedimentation. This is a major advantage relative to loading after
the final phage purification, in that the final phage purification and the separation of
phage from unloaded compound is done in one, rather than two steps. Given that phage-
co-sedimenting heads are also loaded, removing them from therapeutic preparations is
possibly counter-productive. However, if needed, they can be removed by buoyant density
centrifugation in a cesium chloride density gradient, a procedure that fractionates by
DNA /protein ratio [11,39,44].

4.2. Gating of Phage T4: DDV Potential

The following observations indicate that, after 54 °C-loading of ethidium, phage T4 perme-
ability was reduced to undetectable levels by temperature lowering. (1) Ethidium remained
associated with phage T4 particles (and with the accompanying phage heads) through the
rate zonal centrifugation in a sucrose gradient and the subsequent storage for over a month.
This phenomenon was not caused by ethidium binding to DNA, a conclusion drawn from
the non-retention of ethidium in Figure 2c by the ipDNA-capsids of the C band in Figure 2a.
(2) GelStar staining of ethidium-loaded T4 phage and heads did not occur until DNA was
expelled. In summary, the 54 °C-opened gate was closed by lowering of the temperature.

For optimal use as a DDV, closed gate-phage T4 should not release loaded drugs when
circulating in blood. The following observation made here projects that T4-DDVs will have
this property. Ethidium was not released by incubation at temperatures in, and above,
the range of possible body temperatures for a live human (37 °C and 42 °C). However,
as expected, ethidium was released by incubation at 54 °C, a temperature of open gate.
The two compounds used here vary from 394 Da (ethidium) to 1416 Da (bleomycin) in
molecular weight. Presumably, compounds with intermediate molecular weights will be
similarly loadable/sealable in phage T4.

The drug non-release aspect is one of three key characteristics for an effective, gated
DDV. High persistence in blood is the second and this aspect is already known to be a
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characteristic of phage T4 in mice [23]. The third is selective migration to tumors (tumor-
homing), already known to occur for phage T3 [23] and possibly caused by high porosity
of tumor blood vessels and low tumor lymphatic activity (EPR effect [49]). Phage T4
has a head with dimensions that are close to the size range optimal for the EPR effect
(100-200 nm [49]). Thus, EPR effect-generated selectivity of T4 migration to tumors is ex-
pected. Tumor-homing works, together with high persistence, to generate tumor selectivity
of drug delivery. For example, if a phage is infinitely persistent in a healthy organism, then
even a weak EPR effect will cause tumor selectivity of 100% because the tumors are the
only places that the phage ever enters from blood.

Assuming T4-DDV accumulation in tumors, the next objective is selective in-tumor
drug release. We do not yet have data for how well either ethidium or bleomycin is released
from phage T4 in a tumor. Whatever the release rate, the assumption is that it can be
increased either via genetics or via physical modification. An example of the latter is
loading T4 with something (possibly drug at very high concentration) that destabilizes T4.
An example of the former is genetically selecting for T4 mutants preferentially stable at
alkaline pH and screening for those mutants that disrupt preferentially at the lower pH
(typically 6.5-7.1 [50,51]) of tumors. This (1) is an area for creative exploration in the future
and (2) illustrates a major advantage of using of a DDV that has its own genome and that
replicates rapidly.

In summary, the ethidium/bleomycin-loading and the post-loading purification devel-
oped here begin the process of using phage T4 to improve DDV effectiveness for metastatic
cancer. Future success is projected via the high persistence of phage T4 and the EPR effect.
The major projected limitation is the patient’s development of adaptive immunity to phage
T4. We do not yet know whether adaptive immunity avoiding T4 mutants can be obtained.
Assuming that they cannot be obtained, the response is to use a T4-DDV only in the period
before adaptive immunity becomes a problem, which is at least 5 days based on current
data [52]. After this period, the DDV would be changed to an immunologically non-cross-
reactive phage. The overall strategy would, therefore, involve the isolation and screening
of many new phages.

5. Conclusions

Although development of tumor-targeting DDVs is a field that has the potential to
cure metastatic cancer, multiple efforts in this area have had only limited success. A, and
perhaps the key limitation is the (apparently complete) current non-existence of any DDV
that has gating. Gating makes possible drug loading and unloading only when appropriate
for therapy. Our work here takes the first and biophysically oriented steps toward the
development of the needed gating competent DDV. Phage T4 can be open gate loaded and
then kept in a completely closed gate state with ethidium (394 Da), bleomycin (1416 Da)
and presumably compounds of intermediate size. Remarkably, T4 retains its infectivity
when loaded with bleomycin, which implies that therapeutic T4 can be tracked in animal
models by its infectivity and at sensitivity of 10,000 particles or better. In a closed gate
state, prolonged, non-toxic circulation in non-tumor blood vessels is expected because of
the previous finding [23] that T4 is highly persistent (~6 h) in murine blood. The next step
is to track phage T4 in a tumor-bearing mouse to see how strong the EPR effect is when
this high persistence makes tumors the dominant place that a DDV can go. The projection
is that a final step will be developing tumor-specific unloading either by gate opening or
by phage disruption. An advantage for achieving this last, relatively difficult objective is
that a T4 DDV has its own genome and can be modified by directed evolution in favored
ways and with natural systems engineering. DDV use of T4 might be complemented by
use of either antigen display [53] on T4 or protein/DNA delivery by T4 [54], which are
both currently experiencing success [53,54], presumably promoted by high persistence.
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