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Optimization of Doxorubicin Conjugation to Bacteriophages
Displaying Anti-MICA for Targeted Cancer Chemotherapy
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ABSTRACT

Conventional chemotherapeutic drugs in cancer therapy are distributed nonspecifically
where they affect both tumor and normal tissues lead to over dose and highly cytotoxic to
normal cells. In this study, doxorubicin carrying phages targeting to major histocompatibility
complex class I chain related A (MICA) antigens was developed to improve specificity and
decrease dose of cancer drug. MICA is upregulated and expressed on almost originated
epithelial cancer cells which can be targeted by anti-MICA antibodies on phage particles.
Doxorubicin conjugation to phage coat proteins by using 1-Ethyl-3-[3-dimethylaminopropyl]
carbodiimide EDC chemistry was optimized by varying pH and different ratios of EDC and
doxorubicin. Flow cytometry was brought to analyse doxorubicin on phage particle The ability
of DOX-conjugated phages (DOX-Phage) to bind MICA was evaluated by ELISA. The dialysis
method was performed to determine the releasing of doxorubicin from phage particles for 72
hours. The optimal pH to conjugate doxorubicin to phage particles was pH 5 with the ratio
of EDC and doxorubicin of 40:1. The result from flow cytometry shown that 98.8 % of phage
particle could be conjugated to doxorubicin After conjugation, DOX-Phage remained the
binding activity against MICA antigens as shown by ELISA. The releasing amount of
doxorubicin was highest at pH 5 which was 43.53 pg. In conclusion, the application of EDC

chemistry is effective to conjugate doxorubicin and major coat proteins of bacteriophages
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without destroying binding activity of MICA antibodies. The drug releasing result indicated
that doxorubicin conjugated phages should be able to release the drug at the target sites when
were endocytosed into the cells but not in the circulation. Thus, DOX-carrying bacteriophages
targeting MICA has been developed but further characterization will be needed regarding
MICA targeting cytotoxicity of cancer cells.
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Introduction

Monoclonal antibodies (mAbs)
coupled to a highly toxic agents are becoming
an interested platform to anticancer
treatments. The combination of specificity

of mAbs with enhanced tumor-killing

power of toxic effector molecules lead to
discrimination between the tumor and
normal tissues, resulting in reduced
administration of drug concentration and
fewer toxic side effect than the treatment of

only chemotherapeutic drugs.However, only
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small amount of drugs or cytotoxic agents
could be conjugated to antibodies leading to
low treatment efficiency. Filamentous phages
have been used as vehicles for drug delivery
because a payload of drug could be conjugated
[1-3] Thus, in combination with targeting
ability, effective drug delivery could be reach
at the target sites.

Major histocompatibility complex
class I chain related A or MICA [4, 5] is a
ligand to the activating natural killer group
2 member D (NKG2D) receptor [6], upon
engaging leading to cytolysis of target cells.
MICA is not normally expressed on normal
cells but its expression was induced in
cancer cells especially of epithelial origins [7].
Thus, MICA is a good candidate for targeting
molecules in cancer chemotherapy. We have
previously produced monoclonal antibod-
ies against MICA [8] and phages displaying
these antibodies with improved binding
affinities have been produced [9]. These
mateirals are essential for developing
MICA targeting chemotherapy.

Thus, in this study, we aimed to
optimize the conditions for conjugation of
anti-cancer drug (doxorubicin) to major coat
proteins (g8p) of filamentous bacteriophages
carrying anti-MICA antibodies on minor
coat proteins (g3p) attempting for cancer
targeting. Then, the binding activities
against MICA antigens of doxorubicin
conjugated phages carrying anti-MIC
antibodies (DOX-phage) were evaluated.
The drug-carrying phages specific to MICA
antigens might be an effective model that

can be further improved or used for cancer

therapeutic applications.

Methodology
1. Materials

1.1 Phages displaying anti-MICA
antibodies

Two phages displaying anti-MICA
antibodies, WW2G8 and WW9Bs8 [9] which
display monoclonal anti-MICA derived from
WW2Gs and WW9B8 monoclones, respectively
[8]. These phages were used for conjugation
with anticancer drug, doxorubicin.

1.2 Soluble MICA antigen (sMICA)

Soluble MICA antigens (sMICA) were
produced from an eukariotic expression clone
carrying a full length coding sequence of the
MICA*009 gene with inserted stop codon
before the transmembrane portion to produce

a soluble formas described previously [8]

2. Methods

2.1 Conjugation of doxorubicin
to M13 phages using the EDC chemistry

The application of 1-Ethyl-3- [3-
dimethylaminopropyllcarbodiimide (EDC)
chemistry was performed to conjugate
doxorubicin to the phage major coat protein
g8p contains 3 carboxylic animo acids (Glu2,
Asp4 and Asp5), in reactions of pH 4-6
[1-3]. The optimal concentration and ratio of
carboxylate groups on phage particles: amine
groups on doxorubicin molecules : concentration
of EDC were calculated using at ratio as
1 mole COOH : 1 mole amine : 4 moles EDC
as follows: phage particles have 3 carboxylate
groups on g8p coat protein which about 2700

copies/phage, thus
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Phage 1 x 10" pfu

M5815398 W, (ud.) 14 (3) : N.A. - N.8. 2557

8,100x10" COOH molecules

8.1x10"* COOH molecules

100 ul of phage 10" pfu

(1 phage particle = 8,100 COOH molecules)

DOX.HCI (MW=580)

= amine group

Using doxorubicin as excess ~ 10'" molecules
1 mole = 6.02x10”° molecules
DOX 8.1x10""  molecules = 8.1x10'"/6.02x10*

gram

Stock 5 mg/ml
EDC (MW=191.7)
EDC 1 mole : DOX.HCI 1 mole

gram

EDC 4 mole: DOX.HCI 1 mole
EDC 40 mole: DOX.HCI 1 mole

The reagents and conditions for
doxorubicin conjugation to phages are phages
(1 x 10" pfu), doxorubicin 770 pg, 0.1 M
sodium citrate buffer pH 4, 5 or 6, 0.75 M
NaCl 345 ul, EDC aqueous solution 1,028 ug
and 10,280 ug

In the experiment, doxorubicin was
mixed with phages and 0.1 M sodium citrate
buffer pH 4, 5 or 6, and 0.75 NaCl into a 1.5
ml tube. Then, the EDC solution was added
by repeated 4 times at 0, 30, 60, and 90 mins
at room temperature with gentle stirring
(10 rpm) for 2 hours. The dialysis step was
performed to separate the conjugated phages

from the reaction solution. The two dialysis

= 1.34x10"° mole
= [1.34x10°]x580
= 770 ug
=154 pul

= 1.34x10"° mole
= 1.34x10°x191.7
= 2.57x10"*

~ 257 ug

1028 ug (1x)
10280 pg (10x)

steps against 1,000 ml of steriled 0.3 M NaCl
each for 24 hours. Then, the Dox-phages were
precipitated by adding 4% PEG/3% NaCl on
ice for 1 hour, and were centrifuged at 9000
rpm, 4°C, for 20 mins. The supernatant was
discarded and the pellet was resuspended
with 1,000 pl of PBS pH 7 for the next
experiments [14]

2.2 Evaluation of MICA binding
activities of doxorubicin conjugated
phages

The evaluation of MICA binding
activies was performed according to the
previous study [9]. In brief, the indirect
ELISA was performed to evaluate the
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binding activities of Dox-phage against
MICA after conjugation. The sMICA antigens
were coated on each well of micro plate with 5
Lg in carbonate buffer pH 9.6 and incubated
at 4°C overnight. The solution was
discarded and then washed with PBST 3 times,
followed by adding blocking solution, 5% skim
milk and incubated at room temperature for
2 hours. The blocking solution was discarded
and washed with PBST 3 times followed by
adding the 1011 pfu of Dox-phage incubated
at room temperature for 1 hour and then
discarded. For this experiment, protein
extraction of mocked transfection was used
as a negative control. After 3 times washing
with PBST, the anti-M13 conjugated HRP
(GE Healthcare, Germany) (diluted 1:15000
in blocking solution) were added to each well
and incubated at room temperature for 1 hour.
The antibody solution was washed 3 times
with PBST followed by adding TMB substrate
(Kirkegaard & Perry Laboratories, Inc,USA)
per well containing substrate A and substrate
B at 1:1 (v/v) ratio, and then incubated for 20
mins in the dark at room temperature. After
the blue color was developed, then the stop
reaction solution (2 N H2PO4) was added to
each well, the yellow color was developed. The
absorbance (optical density; O.D.) at 450 nm
was measured by Sunrise ELISA plate reader
(Tecan, Austria) with Magellen7 software

(Tecan, Austria) [9].

2.3 Detection of doxorubicin
conjugation on bacteriophage coat protein
The 2 sample, naked phage and
Dox-phage approximately10’ phage particles

were stained with 2 ng/ml of anti-M13-FITC
(antibodies-online, Germany) then incubated
on ice 1 hour. Doxorubicin on phage coat
proteins has excitation at 488 nm with
emission integrated above 530 nm (could
detect as PerCP chanel)and fluorescent
signal of anti-M13-FITC were analyzed by
using BD FACSCanto II Flow cytometer (BD,
USA) [10-12]. The all samples data were
analyzed by BD FACSDiva software.

2.4 Releasing of doxorubicin from
phage particles in vitro

In vitro drug releasing profile of
doxorubicin conjugated phages was determined
by the dialysis method [13,14]. The doxorubicin
conjugated phages of 1x 10" particles were
precipitated with 4% PEG/3% NaCl (v/v) on
ice for 30 mins and centrifuged at 9,000 rpm,
4°C for 20 mins, and then the supernatant
was removed. Thephages were resuspended
with 1 ml of PBS pH 4, 5 and 7.4 and each
loaded into a dialysis tube (M.W. 7,000),
followed by submerged into 10 ml PBS pH
4, 5 and 7.4 in 50 ml tubes, respectively.
Then the tubes were shaken continuously at
37°C, 100 rpm and 100 ul of sample outside
of dialysis membrane were withdrawn and
replaced by an equivalent amount of PBS
buffer at o, 1, 2, 4, 6, 8, 12, 24, 48, 72, 96,
120, 144, 168, 194 and 218 hour time intervals.
The standard curve of doxorubicin concen-
tration was obtained from the measuring of
dilution series of doxorubicin concentrations
ranged from 0, 1, 2, 5, 10, 25, 50 and 100
pg/0.1 ml. The amounts of released drug
and doxorubicin standards were analyzed

with UV-VIS spectrophotometer (Shimadzu,
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Japan) at 485 nm [14]. The accumulated
amounts of doxorubicin released at different
time points after compared to the standard
curve were calculated according to the

followed equation [15].
Wn = VT X Cn * Vs X I"Errl(jnfl

Where, W = accumulated amount of drug

released (ug)

V.= total volume of dissolution
medium (ml)

VS = sampling volume (ml)

C = calculated concentration
of samples n compared to
standard curve (ug)

Results

1. Conjugation of doxorubicin on
phage g8p coat proteins using the
EDCchemistry

1.1 The mild acidic pH for
conjugation of doxorubicin and phage
coat proteins

EDC can mediate the coupling
between substances containing carboxylates
and amines with the highest yield at pH
4.0-6.0 [2]. The conjugation reactions included
phage particles, doxorubicin (solution), 0.75
M NaCl, EDC aqueous solution and 0.1 M
sodium citrate buffer. The 0.1 M sodium
citrate buffer was used as acidic pH buffer
with varied pH at 4, 5 and 6. After conjugation
and dialysis, the solution reactions of each
pH were precipitated and the supernatants

and pellets were collected for testing of the
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specific binding to sMICA antigens. There
were only samples from the reaction at pH 5
(Figures 1) that binding activities to sSsMICA
remained intact, particularly in the pellet
part (Table 1). Thus, the optimal pH for
conjugation of doxorubicin to the phage
particles with maintaining reactive activities
against MICA is pH 5.

1.2 Concentration of EDC for
conjugation of doxorubicin and phage
coat proteins

The EDC chemistry is the most
favored carbodiimide and frequently used as
crosslinking agent for biochemical conjugations.
For the conjugation of doxorubicin and
phages, the EDC concentration of 1x (1,028
ug) and 10x (10,280 pg) were tested. The
reaction solution using 10x EDC showed
deeper red color of doxorubicin than the
reaction of 1x EDC after dialysis. The
results suggested that doxorubicin could be
conjugated to phage coat protein better when
using 10x EDC (Figure 2).

2. Detection of doxorubicin conjugation
on bacteriophage coat protein

Doxorubicin could be conjugated
to phage particles indicated by drug
auto-fluorescence (PerCP) and FITC. The
percentages of conjugation of doxorubicin
on phage particles were evaluated. Most of
phages (98.8%) were double positively stained
(drug auto-fluorescence (PerCP) and FITC )
by flow cytometry (Figure 3)

3. Releasing of doxorubicin from phage
particles in vitro

The releasing and accumulation of
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doxorubicin from conjugated phages was
conducted with a horizontal shaker and
submerged dialysis bag that contained
conjugated phages in PBS at different pH
4, 5 and 7 at 37°C. The standard curve of
doxorubicin concentrations was generated
by OD measurement at 485 nm (Figure 4).
Doxorubicin was released from phages and
accumulated in solution buffer at acidic pH
(4 and 5) more than the neutral condition
(pH 7) and at pH 5 the doxorubicin was
released at the highest amount followed by
those of pH 4 and pH 7 which was 43.53,
34.38 and 26.47 ug, respectively (Figure 5).
The doxorubicin was released at a higher rate
from 0 hour to 72 hours at pH5 and pH7 and
quite stable. At pH4, the higher rate was
from 0 hour to 168 hours and quite stable at

168 hours (Figure 5).

Discussion and conclusion
Conjugation of doxorubicin anticancer
drug to phage g8p coat proteins was performed
by using EDC chemistry at mild acidic pH
condition. The ratio of carboxylate groups on
phage coat proteins (glu2, asp4 and asp5),
amine groups on doxorubicin molecules
and concentration of EDC were calculated
as caboxylate 1 mole: excess amine 1 mole:
EDC 4 mole as previous study [1, 2, 16].
The pH of 0.1 M sodium citrate buffer and
concentration of EDC were also optimized.
For pH buffer, mild acidic pH ranges, pH 4,
5 and 6 were chosen as candidate conditions.
After conjugation, the excess doxorubicin

molecules that were not conjugated to phage

coat proteins were removed by the dialysis
method against 0.75 M NaCl. It was found
that the reaction condition at pH 5 and 6
have darker solution. However, this factor was
not enough for choosing the optimal pH for
conjugation reaction. Therefore, the
binding activity to targeted sMICA antigens
was evaluated, by precipitated with 4% PEG/
3%NaCl (v/v) then collected the supernatant
and pellet for testing binding activity by the
ELISA assay. It was found that doxorubicin
conjugated phages at pH 5 could bind
specifically to sMICA better than others
condition, with almost of phage particles
contained in the pellet part. We also optimized
the concentration of EDC chemistry which
werelx (4 mole EDC per doxorubicin 1 mole)
and 10x (40 mole EDC per doxorubicin
1 mole). Adding of EDC into the reactions
was divided into 4 time points (0, 30, 60, 90
mins) with a total reaction time of 2 hours.
It was found that the solution of reaction
containing 10x EDC had deeper red color
than using 1x EDC, which might indicate that
the higher amount of doxorubicin molecules
conjugated to phage coat proteins. From the
results above, we decided to use the 0.1 M
sodium citrate buffer pH 5 and 10x EDC
for the conjugation reaction consistent with
other studies [1, 2, 17, 18].

After conjugation reaction, detection
of doxorubicin molecules on phage particles
was performed by flow cytometry assay was
used to detect the signal of doxorubicin
molecules due to auto fluorescent property

which can be excited and emission. The
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percentage of phage particles conjugated
with doxorubicin was approximately 98.8%.

The release of doxorubicin from
phage particles by the dialysis method was
performed. At acidic pH, the drug molecules
were released faster than at neutral pH.
The releasing rate was high from 0-72 hours
and then it appeared more stable. The
accumulated amount of doxorubicin was
highest at pH 5 which was 43.53 pug. This
indicated that doxorubicin conjugated phages
should be able to release the drug at the target
sites not in the circulation and the reagent
should be kept at neutral pH. Conjugation
of doxorubicin to phage g8p coat proteins
by using EDC chemistry is one approach to
construct the targeted therapeutic
nanoparticles with no affect to binding moiety
of phage particles. The process of conjugation
is easy by adding EDC to the reaction
at mild acidic pH. However, amide bond
between drugs and phage coat proteins is also
sensitive to mild acidic pH as seen in releasing
experiment. This is an advantage of these
particles when reaching to tumor site with
acidic pH environment and was internalized
into cells by endocytosis.

In conclusion, this study demonstrated
the condition for conjugation of doxorubicin
on phage particles displaying anti-MICA
without affecting their MICA binding
activities. The highest releasing of doxorubicin
at pH 5 indicated that Dox-phage able to
release the drug at the target sites not in the
circulation. The linkages between conjugated

doxorubicin molecules and phage proteins
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were sensitive to acidic pH. This targeting
platform required further development for use

as drug targeted carriers.
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Table 1 MICA binding activities of doxorubicin conjugated phages at different pH conditions.

Dox-phage at pH conditions OD at 450 nm

pH 4 supernatant 0.056

pH 4 pellet 0.068

pH 5 supernatant 0.291

pH 5 pellet 1.498

pH 6 supernatant 0.074

pH 6 pellet 0.066

Negative control (mocked-protein) 0.056

pH 4 pHS5 pH6

Figure 1 Conjugation of doxorubicin to phage coat protein by using EDC in different
pH conditions. pH4, pH 5 and pH 6 represent the conjugations of doxorubicin at
each pH of 0.1 M sodium citrate buffer. After conjugation,dialysis, and centrifugation
at 14,000 rpm at 4°C for 20 mins, a red pellet at the buttom of the tube can be

observed. It should be noted that at pH 5 a bigger pellet is evident.
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IXxEDC 10xEDC
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Figure 2 Conjugation of doxorubicin to phage particles by using different

concentrations of EDC. The concentrations of EDC with 1x and 10x were

evaluated. The red precipitation of 10x EDC was darker than using 1x EDC

in the reaction.

A: Naked phage stained with anti-M13

B: Dox conjugated phage stained with anti-M13
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Figure 3 Detection of doxorubicin conjugation on bacteriophage coat protein.

A: naked phages stained with FITC conjugated anti-M13, B: double positively

stained (drug auto-fluorescence (PerCP) and FITC) indicated that doxorubicin

could be conjugated on phage coat proteins.
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Figure 4 The standard curve of doxorubicin concentrations. The concentrations of doxorubicin

were from 0, 1, 2, 5, 10, 25, 50 and 100 ug whose the absorbance were measured by

UV-vis

spectrophotometer at 485 nm. This standard curve was used to estimate

the doxorubicin released from conjugated phage particles.
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Figure 5 The accumulation of released doxorubicin from phage particles at

different pH conditions. Doxorubicin was released from phages and accumulated

in solution buffer at acidic pH (4 and 5) higher than in neutral condition (pH 7).

At pH 5, the doxorubicin was released at the highest amount. The doxorubicin was

accumulated at a higher rate in the initial steps of experiment from 0 to 72 hours.



