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ABSTRACT

Research efforts were directed toward development of a method
of encapsulating viruses in spheres containing a predictable phage titer
to be used in biological dosimetry experiments. Initial studies demon-
strated the ability of the bacteriophage to undergo lyophilization and
encapsulation yielding a product of adequate viability. The Butares-
Toluene -EthylceUulose encapsulation system proved satisfactory for
producing spheroidal virus-ethylcellulose capsules of twenty-five to
fifty microns diameter, the mean diameter being forty-two microns.
Viability determinations yielded a phage titer of 1. 7 x 1011 phages per
gram of capsules; hence, a capsule of average diameter possessed
a theoretical titer of 8 x 103 phages. Simulated end-use tests p1bved
photographic developer chemicals, such as could be used for the pro-
cessing of virus-bearing nuclear emulsions, to be nontoxic to the en-
capsulated phages. A moc.fication in the scope of the program directed
the concluding work to the preparation of capsules less than fifteen microns
in diameter. Samples of virus-ethylcellulose capsules were submitted to
the Air Force.
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1. INTRODUCTION

The Air Force Weapons Laboratory proposed to formulate a
biological dosimeter for the purpose of determining the cell damaging
potential of the highly ionizing components of cosmic radiation at high
altitudes. It is believed that biologically effective radiation dosages
encountered at incre-aing altitudes can be determined by exposing
simple organism9 to the space radiation via high altitude vehicles.
The infectivity of the organisms upon recovery should provide an indi-
cation as to the amount of energy absorbed by the biological material
:n the thin down of the heavy nuclei.

The biological dosimeter will consist of bacteriophage particles
incorporated into a nuclear emulsion film. The viruses raust be con-
tMined in some type of minute package so that, upon recovery of the
fil-n, they can be located and extracted for remaining infectivity de-
terminations. A capsular container not only would contain a specific
quar.tiA,'- of virus, but would also afford a degree of protection of the
viru& .om the environment, i. e., protection from emulsion and
developer chemicals, etc.

Upon entering a nuclear film emulsion, a cosmic ray leaves a
"tracke' which appears as a streak on the developed film. If virus
were contained in spherical capsules smaller than the cross section
of the cosmic ray track, the exposed capsules could be manipulated
from the path of the track and analyzed with respect to remaining
infectivity. The comparison of the percentage of infecti,-e phages
remaining in the selected capsule with an inactivation curve prepared
by irradiating virus-contaimng capsules with 250 KVP X-ray would
indicate the radiaition dose absorbcd by the particular vizr-is-containing
capsule.

Under Air Force Contract No. AF Z9(601) -5233, the National Cash
Register Company investigated the concept of microencapsulating the
bacteriophage TI using gelatin, primarily, as the protective coating
material for the phage. The project demonstrated certain capabilities
of the microencapsulation process, but was generally found to be inade-
quate for the satisfactory preparation of encapsulated phages applicable
to dosimetry experiments.

Following the termination of the initial project, the National Cash
Register Company further developed its capabilities in the area of
encapsulated biological@, primarily by utilizing ethylcellulose as a
coating material. Hence, the current program involved the adaptation
of the ethylcellulose microencapsulation process to the preparation of
bacteriophage for dosimetry experimentation. The project was conducted
March 1, 1964 through October 31, 1964.
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2. RESEARCH ACTIVITIES

2. 1 Basic Encapsulation Studies

Initial studiei were directed toward ascertaining the ability
of the bacteriophage to undergo lyophilization and encapsulation without
incurring excessive loss of viability. Preliminary experiments were
conducted using a mixture of bacterial viruses TlHr, TI+N, and . in
aqueous suspension, containing 1. 3%/, solids and 2 x 109 virus par~cles
per miiliter of stock solution. Fifty grams of finely divided humus
were mixed with 450 milliliters of the phage suspension and the slurry
was lyophilized. The dried product was encapsulated with ethylcellulose
by a-pplying the Butarez-Toluene-Ethylcellulose encapsulation system, a
coacervation technique which is carried out at ambient temperature.
The system proved feasible and further encapsulation experiments were
made, without regard to particle size or shape, using lyophilized phages
both with and without absorbents. Samples of the encapsulated products
were submitted to the Biophysics Branch who determined the phage
viability by quantitative plate studies.

TABLE I. Viability of Encapsulated Sorbed-Virus

Sample Sorbent Theoretical Count Actual Count

No. 1324 (Control) 2 x 109 phages/ml. 1. 21 x 109 phages/ml.

IIR-26 Attapulgite Clay 2 x 101 0phages/gmo 3.7 x 107 phages/gm.

HR-27 No Additive I x 1ol'phages/gm. 9.6 x 101°phages/grn.

HR-28 Carbon Black 2 x 109 phages/gm. 1. 6 x 10 phages/gm.

Humus Humus 2 x 1010 phages/gm. 1. 22 x 109 phages/gm.

It was concluded that phages could be (1) encapsulated by the
Butarez- Toluene-Ethylce~lulose system in high concentration and (2)
retained in the biologically active state both with and without sorbents.
It was noted also that the nonsorbed phage, Batch No. HR-27, yielded
the highest total phage count and most nearly approached the theoretical
concentration. Therefore, ensuing experimentation was limited to encap-
sulation of nonsorbed lyophilized phage solids by the Butarez-Toluene-
Ethylcellulose system.
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2.2 Capsule Size and Shape

The wor"c statement of the contract directed research to the
preparation of spherical capsules having a mean diameter between
twenty-five and fifty microns with a coefficient of variation less than,
or equal to, twenty-five as calculated from the expression,

S
C "- x lO0 < 25

where C is the coefficient of variation, S is one standard deviation
(or a), and d is the mean particle diameter.

Attapulgite clay of small particle size was used as a model
internal phase in the first experiments to determine the variables
affecting capsule size and shape and to establish the optimum values for
the variables. Factors first considered include type of encapsulation
vessel, placement of baffles, type of stirrer, and speed of agitation.
The best appearing clay-ethylceUulose capsules were made in a variable
speed Waring Blendor with a high-shear blade.

Lyophilized phage solids, ground to less than forty-four microns
particle size, were first encapsulated using a standard method of agitation,
i. e., stirring at a moderate rate with a turbine type stirrer in a large glass
beaker. The product was rinsed thoroughly with petroleum distillate ard
air dried. The resultant particles, Batch No. HR-30, were irregular in
size and shape (see Figures I and 2).

Figure 1. Photomicrograph of Figure 2. Photomicrograph of
Batch No. HR-30, 1OOX Batch No. HR-30, ZOOX
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A second batch of phage particles, Batch No. HR-31, was
encapsulated in the Waring Blendor with th: speed reduced to a moder-
ate rate by way of a variable powerstat. The resulting small particles
(Figures 3 and 4) approached spheres in configuration.

The dried capsules were sieved to less than fifty-three microns
diameter t270 mesh). Micromerograph analysis yielded an average
particle diameter of 35. 3 microns and a coefficient of variation of 26. 1
(Figure 5).

Figure 3. Photomicrograph of Figure 4. Photomicrograph of
Batch No. HR-31, 10OX Batch No. HR-31. ZOOX

Attempts to demonstrate the reproducibility of the encapsu-
lation system yielded capsules inferior to Batch No. HR-31 with respect
to sphericity and uniformity. Therefore, subsequent experimentation
was directed toward learning the optimum values for several variables
in the encapsulation system in an attempt to develop a method of con-
sistently producing capsules of acceptable shape and uniformity. A
number of variables, such as (1) type of encapsulati-on vessel, (2) means
of agitation, (3) phase ratio (phage: ethylcellulose), (4) amount of Butarez
added, (5) rate of Butarez addition, (6) temperature of the sy&tem, and (7)
ethylcellulose concentration, were postulated to have an effect, directly
or indirectly, on the nature of the resultant capsules.

A total of twenty batches of attapulgite clay model material ard
eight batches of virus solids were encapsulated while systematically
altering the several variables. These tests confirmed the reproducibility

4
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of particle size and uniformity but even the best samples were less
spherical than Batch No. HR-31. Batch No. SDB-19 kFigures 6 and 7)
was one of the better samples prepared in this series of encapsulation
trials.

Figure 6, Photomicrograph of Figure 7, Photomicrograph of
Batch No. SDB-19, OOX Batch No. SDB-19 ZOOX

By micromerograph analysis the average diameter of particles
in Batch No. SDB-19 was found to be 39. 8 microns, with a coefficient of
variation of 18. 8 (see Figure 8).

2. 3 Viability of Encapsulated Phage

2. 3. 1 Preliminary Viability Determinations

First attempts to determine the viability of encapsulated
phages by the plaque assay procedurel yielded inconclusive results. Some
of the procedural problems encountered were l1) incomplete dissolution
of the capsule wall leading to nonhomogeneous phage dispersion, (2) non-
representative sampling, (3) dispersion media incapable of sustaining the
viable phages, and (4) exposure to materials detrimental to either the
virus or the host bacteria. The development of a satisfactory method of
dispersing the encapsulated virus is described in Table I1.
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The technique for serial dilution and plating of virus samples
for plaque assay is illustrated in Figure 9.

By implementation of the foregoing techniques, quantitatively
reproducible viability determinations were made on samples of liquid
phage dispersion*, lyophilised phage solids, and virus-ethylcellulose
capsules. Figure 10 shows the growth of a lawn of the b&cteria Eacherichia
coli straln B on which the bacteriophage formed plaques. The holes in the
l"wn, a few millimeters in diameter, surround each virus.

Viability determinations by the plaque assay procedure were
made on several samples of phage capsules during the course of the
research work and compared with the theoretical count. The results
appear in Table I1.

TABLE Ill. Viability of Encapsulated Phages

Sample Theoretical Count Actual Count

SDB-19 1. 3 x 1012 phages/gm. 1.46 x 1010 phages/gm.

SDB-38 1. 3 x 101" phages/gm. 2.23 x 1010 phages/ gm.

HR-75 2. 04 x 101" phages/agm. 1. 7 x 1011 phages/agm.

SDB-81 1. 57 x 1013 phages/gm. 7.8 x 101° phages/gm.

SDB-82 1. 57 x 101' phages/gm. 1. 1 x 10' ' phages/gr.

SDB-83 1. 57 x 101i pbages/gm. 1 O x 10 1 phages/gm.

SDB-8- 1. 57 x 10a phageu/gm. 1. Z x 1011 phages/ rn.

2. 3. 2 Single Capsule Studies

The intended application for the virus capsules dictates
that the number of phages in a capsule of known diameter be predictable.
The calculation of theoretical phage count in a capsule of given diameter
is demonstrated below.

Variable Value Assigned

Mean capsule dianostor 35 microns 10. 0035 cm.)
Specific gravity of capsules 1.40
Phase ratio 0. 667
Phage concentration of stock solution 1. 30 x 101e pbages/ml.
Solids content of stock solution 1. 3%

9
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Figure 9. Serial Dilution for Plaque Assay
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Calculations

A. Titer of one gram solids

n *(1. 30 x 1010 phages/ml.) /0. 0130 gm. solids/ml.)

n - 1.0 x 101' phages/gm.

B. Volume of one capsule

V =4-) U.14) (0. 00177 rm.)3

V 2. 30 x 10-6 cc. /capsule

C. Weight of one capsule

W = (1.40 gin. /cc.) (2 30 x 10 - gmi. /capsule) (0. 667)

W = Z. 16 x 10-6 gn. /capsule

D. Number of phages per capsule

N=(Z.16x i0-6 gm./capsule) (1.00 x 101 pha•xes/gm.)

N = 2. 16 x 10 phages p2r capsule

Figure 10. Lysed Bacterial Lawn
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The theoretical phage coant is graphed versus capsule diameter
in Figure II. It is noted that capsules in the twenty-five to fifty micron
range theoretically contain from 8000 to 60, 000 virus per capsule, a via-
bility level believed to be adequate for the end-use application.

Preliminary single capsule viability counts were made on Batch
No. HR-75. A few individual capsules were lilted from a microscope
slide by means of a moist drawn-glass capillary as in Figure 12.

The capsules, whose diameters were estimated by optical
microscopy, were dispersed as previously described and analyzed by
plaque assay. The resulting single capsule counts are compared to the
theoretical values in Figure 13. It is believed that a more accurate method
of capsule diameter measurement and representative sampling of the cap-
sule pepulation would produce more precise and satisfactory results there-
by increasing the degree of predict4 .:bility.

2. 4 Stability Testing

2.4. 1 Capsule Wall Permeability

The permeation of phages across the ethylcellulose
wall with respect to time elapsed in water suspension was investigated.
Small samples of capsules from Batches SDB-19 and SDB-38 were sus-
pended in water. The extraction medium was sampled and mounted for
quantitative viability determinations at pr'edetermined time intervals.
The resulte are summarized in Table IV.

The fact that the viability count of the extraction fluid
after a twenty-four hour suspension exceeds the count after longer times
suggests that the phages have a limited viability in water. The increase
of phage inactivation with elapsed time is attributed, at least in part, to
osmotic shock',

A number of twenty-four hour viability tests were con-
ducted with virus suspenrione in various media to select a fluid capable
of sustaining the phages in a viable state for long periods of time. A
solution of 0. 9 molar sodium chloride in nutrient bioth proved satis-
factory; therefore, this solution was used as the suspersion medium in
oubsequent wall permeation tests.

To learn the rate of release of phages from the capsule
structure, samples of virus-ethylcellulose capsules were suspended in
nutrient solutions which were sampled for plaque assay at L-:ogressive
time intervals. Table V indicates the results.

12
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Figure 12. Manipulation of Single Capsules, 1OOX

TABLE V. Capsule Wall Permeability

Suspension Phages per milliliter Phages Released per Percent of
Time of Nutrient Gram Capsules Original Released

I hour 3.2 x 10s Z.9 x 10 7.65%

4 hours 3.2 x 105  3.0 x 10s 7.9%

24 hours 5.8 x 10! 5.7 x 10' 15.0%,

It had previously been suggested that a photographic
developing process of relatively short duration would be a less rigorous test
of the ability of the encapsulated virus to withstand the developer chemicals
than the usual long-duration nuclear emulsion developing process. 1 '4 It is
believed that if the capsule-bearing nuclear emulsion is cast in a film less

15
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than 300 microns in thickness. a standard X-ray developing process can
be employed. The entire processing time would total less than one hour.
Consideration of the data in Table V leads to th-3 con.lusion that the ethyl-
cellulose wall is adequate to contain the virus during photographic (such
a X-,ay) processing without excessive loss. Also, it is assumed that
phage permeation will be further reduced in the gelled emulsion.

2.4.2 Toxicity of Developer Chemicals

Simulated end-use studies were conducted to determine
if photographic developing chemicals are toxic to the phages within the
capsules. Samples of virus-e^hylcellulose capsules were suepended in
individual photographic processing cheraicalc with results as summarized
in Table VI.

TABLE VI. Toxicity o4 Dfveloper Chemicals to Virus

Developer Suspension Viability (pliages/ml.) % Remaining

Constituent Time Test S.Lmple Control* Active

Developer, Eastman ý mrin. I x 107 1 x 107 100%

Short stop,
25% Acetic Acid 1 min. 0 1 x 10' 0%

Short stop,
.5% Acetic Acid I mill. I x 107 1 A 10• 100%

Fixer, 30%
Sodium Thioculfat,- 30 min. I x 10' 1 x 100%

* Control = Phage capsulet treated similarly, less chemicals.

Samples of virus -ethylcuIulose capsules were taken
through the entire simulated photographic developing process. The steps
were as folaws: fifteen minutes suspension in developer, neutralisation with
acetic acid, followed by a thirty minute suspension in fixer. Throughout the
process no appreciable loss of viability was incurred.

2. 4.3 Dry Capsule Sta.blity

Two samples of encapsulated virus were analysed with
respect to viable phage concentration over a period exceeding three months
(Figure 14).

17



4 x 101-

10' __

U

- \

2

10CBatch No. SB3

\0

5 x 10'
June 15 Jul. I Jul. 15 Aug. 1 Aug. 1- ep. ISp 5Ot

Figure 14. Dry Capsule Stability at Z50 C

\1



The viability of Batch No. SDB- 19 was determined
shortly after preparation. The capsules were stored in an open container.
exposed to the laboratory atmosphere. Due to the hygroscopic nature of
the capsules, the material became quite damp during the test period.
Periodic plaque assay determinations indicated that the viability diminished
somewhat steadily over the test period.

Batch No. SDB-38 was analyzed by plaque assay immedi-
ately after preparation of the capsidee and again after more than three
months had elapsed. During the intervening time the sample was sealed
in an air-tight container at ambient temperature wher it remained dry
and free-flowing.

The results of this stability test indicate that, under
proper storage conditions, virus-ethylcellulose capsules can be retained
for periods in excess of three months without appreciable loss of viability.

2. 5 Delivery of Materijl

Having established a method of reproddcibly preparing spheroidal
virus-ethylcellulose capsules of twenty-five to fifty microns diameter
(Section 2.2), a large batch was prepared in ten gram increments. The
oversised capsules and aggregates were removed from the incremental
batches by selective sieving and discarded. The capsules falling between
twenty-five and fifty microns were combined to form Batch No. HR-75,
(Figures 15 and 16), of which 100 grams were delivered to the Biophysics
Branch. Figure 17 describes the sise distribution as determined by
micromerograph analysis. Data pertinent to the sample include:

Particle Sise

Average diameter x 42. 7 microns
Coefficient of variation z 26. 3

Viabilit)

1. 7 x I ORI phages per gram of capsules
4000 to IS, 000 phages per capsule (Theoretical count

based on phages/gm and capsule mime data).

The specific gravity of Batch No. HR-75 virus capsules was determined,
using magnaflux oil in a liquid pycnometer. In Table VII the experimental
value is compared to the value as calculated from the densities of the
components.

19

•_ • I I I I H I II I I II I M W



TABLE VII. Specific Gravity of Virus Capsules

Sp. gr. of Sp. gr. of Calculated Experimental
Trial Virus Solids Ethylcellulose Sp. gr. of Capsules Sp. gr. of Cap.

1 1.59 1.47

2 1.62 - - 1.46

Average 1.61 1.14 1.45 1.47

Figure 15. Photomicrograph of Figure. 16. Photomicrograph of

Batch No. HR-75, 1OX Batch No. HR-75, 430X

2. 6 Preliminary Small Capsule Studies j
The feasibility of preparing virus-ethylcellulose capsules having

an average diameter of from five to fifteen microns was investigated.

20
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Several experimental batches of virus wece encapsulated in an
atterript to determine The feasibility of preparing phage capsules of appro-
uriate size, viz., five to fifteen microns in diameter. Mhe first attempt,
designated Batch No. HR-76, was prepared by reprocessing large ki. e.,
hi,,-.nty-five to fifty microns diameter) virus capa, lea. The wall material
was dissolved off the virus with toluene in a Waring Blendor and the phage
,'.as re-encapsulated at a higher rate of ;itation. Microscopic observation
(Figures 18 and 19) indicated that the preparation yieleed an average cap-
sule dianieter greatcr thar, fifteen microns. As attested by Figure 20, it
was observer! that srme of the particles ox virus solida were larger than
the de. ire,' capsule -ize.

0200i

L 150 --

550
! 00

50

0 "t 0 ,

jM icrons)

Figure 18. Photo,-a icro graph of Figure 19. Photomicrograph of
Batch No. HR-7?, OOX Batch No. HR-76, 430X

In lurther attempts to produce small capsules, , process
included milling of the phage solids befo-e encapsulation. Eight gram-
of lyophilized phagt solids were dispersed in one hundred grams o.
toluene and milled in a small porcelain ball-mill for one hour. 7he
material was then encapsulated in the Waring Blendor at hio, speed.
When observed in dispersion, the capsules, designated Batch No. SDB-80,
appeared to be of excellernt shape and size, i. e.. spheres leas than fifteen
microns in diameter (Figure 21). However, the particles aggregated on
drying due to the presence of residual phase-inducing polymer (Figures 22
and 23). Tha long sedimentation time required to remove the very small
particles from suspension necessitates mox e numerous washes to remove
the polyrr.e r.
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Batch No. SDB-81 was prepared similarly to the former batch
with the exception that it was washed more thoroughly, effectively removing
the excess polymer. Although oversize particles were removed by selective
sedimentation and decantation, it is noted in Figures 24 and 25 that some
large (greater than fifteen microns in diameter) particles remained. Batches
SDB-82 SDB-83, and SDB-84, of which Figures 26 and 27 are representative,
were prepared by the method previously described, demonstrating the repro-
ducibility of the system. Although the classification of particles by sedi-
imentation appeared quite efficient, a small fraction of oversize particles
was retained in the samples. The phage viabilities of these batches, as
summarized in Table III, indicaie a high titer, viz., an average tit,.r of
1 x 1010 phages per gram of capsules. However, the extremely low
volume of a single capsule physically limits the virus concentration to less
than one hundred phages per capsule (Figure 28). Size determinations on
the small particle batches were approximated by optical microscopy be-
cause an inherent static charge caused aggregation to occur during attempted
micromerographic analysis.
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Figure 24. Photornicrograph of' Figure 25. Photomicrograph of
Batch No. SDB-81, 10OX Batch No. SDB-81, 430X
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Figure 25, Photomicrograph of Figure 27, Photomicrograph of

Batch No. SDB-82, IOCX Batch No. SDB-82, 430X
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Figure 28, Theoretical Viabilities of Small Single Capsules
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3. CONCLUSIONS

The experimental endeavors conducted during the program have led
to the following conclusions.

1) Certain bacteriophages (TlHr, Tl++, and 4 ) can be
lyophilized and subsequently encapsulated with ethylcellulore.

2) The encapsulated Froduct, prepared from a stock aqueous

phage dispersion containing 10' phages per milliliter and 1. 5% solids,
will possess a phage titer of 1011 phages per gram of capsules.

3) The phages can be reproducibly encapsulated to yield spheroidal
microcapsulea having a mean diameter of twenty-five to fifty microns and

a coefficient of variation (C _ S x IC0 ) of approximately twenty-five.
a

4) The number of phages in a single capsule should be in the range
of 4000 to 16, 000. This value is dependent upon the initial phage concen-
tration of the stock aqueous dispersion and the capsule size, and therefore
appears predictable.

5) The encapsulated phages are stable to the conditions of a
simulrted end-use; namely, the development of a silver halide nuclear
emulsion (X-ray film).

6) The encapsulated phages can be stored under appropriate,
dry conditions with no appreciable loss of viability resulting for at least
three months.

7) Lyophilized bacteriophages can be ball-milled, encapsulated
with ethylcellulose, and sized by sedimentation to produce a capsule pro-
duct of five to fifteen microns in diameter.

8) The viability of the small capsules is equivalent, on a weight
basis, to that which is obtained with the larger twenty-five to fifty micron
capsules, i.e., about 1011 phages per gram of capsules. However, the
capsule concentration of phages is limited to the range of approximately
ten to two hundred phages per capsule as this value again is a function of
the capsule size and starting concentration of the stock phage dispersion.
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4. RECCIAMENDA TIONS

The results obtained during this contract have indicated the feasibility
of using microencapsulated bacteriophages in the design of a cosmic thin
down dosimeter. The preliminary small capsule studies conducted during
the final stages of the program indicate that the preparation, Eer se, of
capsules five to fifteen microns in diameter is not problematic. Hence,
the problem becomes one of preparing capsules having an appropriate,
predictable phage titer. A capsule concentration of 163 to 104 phages per
capsule should be possible if a purified phage stock solution having a
concentration of 1013 phages per milliliter could be obtained.

It has been reported that the purification of the phage media should be
feasible. The predictability of the capsule phage content should again be a
function of capsule size, and the determination of the degree of predicta-
bility wiUl involve the development of a precise method for measuring the
diameter of the individual five to fifteen micron capsules.

In summation, the following recommendations outline the remaining
efforts which, it is believed, will result in the application of the encap-
sulated bacteriophage - cosmic dosimeter concept.

1) Prepare a purified phage stock dispersion such that after
lyophilization the phage titer is not less than 1014 phages per gram of
solids.

2) Prepare ethylcellulose-phage capsules spheroidal in shape
and ranging from five to fifteen microns in diameter (Microsieving and/or
sedimentation techniques should allow this size range to be readily
attainable. )

3) Determine the relationship between capsule size and phage
titer. This will involve the development and utilization of a precise
measurement of the capsule diameters.

4) Test the capsules by simulating end-use applications. That
is, place the phage capsules in a nuclear emulsion, expose and develop
the emulsion, extract the capsules from the developed film, and determine
the viability.
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