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ABSTRACT: A site-specific, stimuli-responsive nanocarrier has been synthesized by conjugating folate, magnetic particles and
doxorubicin to the backbone of norbornene polymer. Monomers, namely, cis-S-norbornene-6-(diethoxyphosphoryl)hexanote
(mono 1), norbornene grafted poly(ethyleneglycol)-folate (mono 2), and norbornene derived doxorubicin (mono 3) are
carefully designed to demonstrate the smart nanorcarrier capabilities. The synthesis and complete characterization of all three
monomers are elaborately discussed. Their copolymerization is done by controlled/living ring-opening metathesis poly-
merization (ROMP) to get the triblock copolymer PHOS-FOL-DOX. NMR spectroscopy and gel permeation chromatography
confirm the formation of the triblock copolymer, while FT-IR spectroscopy, thermogravimetric analysis, along with transmission
electron microscope confirm the anchoring of iron particle (Fe;0,) to the PHOS-FOL-DOX. Drug release profile shows the
importance of having the hydrazone linker that helps to release the drug exactly at the mild acidic conditions resembling the pH
of the cancerous cells. The newly designed nanocarrier shows greater internalization (about 8 times) due to magnetic field. Also,
increased intracellular DOX release is observed due to the folate receptor. From these results, it is clear that PHOS-FOL-DOX
has the potential to act as a smart nanoreservoir with the magnetic field guidance, folate receptor targeting, and finally pH
stimulation.

B INTRODUCTION acidic endosomes. Hydrazone linkers are specifically interesting
for their responsive acuteness in delivery behavior."> Thus, we
envisioned that if we conjugate the magnetic nanoparticles
(Fe;0,) into the polymer backbone along with doxorubicin and
folic acid motifs, the resulting pH-responsive amphiphilic
polymers would form a nanocarrier for cancer therapy.

To produce the proposed nanocarriers, we have utilized
ROMP technique,"*~"” the living ring-opening metathesis poly-
merization (ROMP) which is very attractive for synthesizing
monodisperse polymeric prodrugs due to the exceptional func-
tional group tolerance of the Grubbs’ catalyst." >

Herein, we report an efficient method to prepare a stimuli
responsive smart nanocarrier for controlled doxorubicin drug
delivery and MRI imaging. All the three functionalities, namely,
phosphonate ester (PHO), folic acid (FOL), and doxorubicin

The lack of efficacious therapy with minimal toxicity remains the
major issue in cancer treatment.”” The existing strategy to
achieve active tumor targeting is to label the micelle with specific
ligands that can interact with the cancer cell surface.® Folic acid
(FOL) is one of the well-known targeting ligands, since the
cancer cell surface is overexpressed with folate receptors.* How-
ever, for the selective recognition to happen between the nano-
carrier and the cancer cell surface, the nanocarrier should first
reach the tumor sites without losing its activity.”® For improving
drug delivery efficiency, an external targeting strategy is followed
where a guided magnetic field holds the micelles in and
effectively drives them into tumor tissues.”

Recently, efforts have been focused on developing drugs
through self-assembly or high-throughput processes to facilitate
the development. Drugs covalently bound in polymeric micellar
cores via pH-sensitive linkers such as an imine,” acetal,'® oxime," Received: September S, 2013
or orthoester'> have shown an enhanced in vitro cytotoxicity Revised: ~ December 20, 2013
compared to free drug formed by rapid release of drug from Published: December 21, 2013
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Scheme 1. Synthesis of PHO-FOL-DOX
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(DOX) are delicately conjugated to the norbornene backbone
to produce novel monomers. ROMP of these monomers has
produced well-defined block copolymerization to get the triblock

copolymer (PHO-FOL-DOX) with excellent control in poly-
dispersity index (PDI). We believe that the resulting unique
nanocarrier of PHOS-FOL-DOX-Fe copolymer has several
advantages as follows. First, the system demonstrates uniqueness
by conjugating the drug as well as target ligands to the polymer
backbone. This is entirely in contrast to the existing literature
examples that show the encapsulation technique where they
encapsulate either drug or targeting ligands such as magnetic
particles and FOL. Second, the amount of drug, NPs, and FOL
can be precisely controlled as per the requirement. This is
achieved because of the controlled polymerization of norbornene
monomers that have been conjugated with drug and targeting
ligands. Third, the drug delivery process could be easily guided by
magnetic field due to the magnetic NPs conjugated in the
nanocarriers. In addition, the presence of FOL motif will be
effectively received at the surface of the cancer cell due to the
overexpressed folate receptor. To best of our knowledge, this is
the efficient method that elegantly synthesizes a triblock copol-
ymer using ROMP technique to produce a smart nanocarrier that
has potential in muti-stimuli-responsive cancer therapy.

B EXPERIMENTAL SECTION
Synthesis of Triblock Copolymer (PHO-FOL-DOX).

Known amounts of monomers, mono 1, 2, and 3 were weighed
into three separate Schlenk flasks, placed under an atmosphere
of nitrogen, and dissolved in anhydrous dichloromethane
and methanol (9:1 v/v %). Into another Schlenk flask, 3.2 mg
(15 mol %) of second generation Grubbs’ catalyst was added,
flushed with nitrogen, and dissolved in a minimum amount of
anhydrous dichloromethane and methanol (9:1 v/v %). All three
flasks were degassed three times by freeze—pump—thaw cycles.
Mono 1 (25 mg) was transferred to the flask containing the
catalyst via a cannula. The reaction was allowed to stir at room
temperature until the polymerization was complete (2 h); an
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Figure 1. "H NMR spectrum of mono 2.
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aliquot sample was taken for GPC analysis. Gel permeation chroma-
tography was done in tetrahydrofuran (flow rate = 1 mL/min).
The molecular weight of the macro initiator 1 (PHO) was
measured as Mn = 4000, using polystyrene standards. Then the
second mono 2 (65.8 mg) was added to the flask via a cannula.
The polymerization was allowed to continue for another 8 h until
the polymerization was complete. An aliquot of the sample was
taken for GPC analysis. The molecular weight of the macro
initiator 2 (PHO-FOL) was measured as Mn = 17 000 using
polystyrene standards. Finally, mono 3 (46.5 mg) was added to
the flask via a cannula. The reaction was allowed to stir at room
temperature until the polymerization was complete. Then the
reaction mixture was quenched with ethyl vinyl ether (0.5 mL).
An aliquot was taken for GPC analysis, and the remaining
product was precipitated from pentane, dissolved again in THF,
passed through neutral alumina to remove the catalyst, and
precipitated again from pentane to get a pure PHO-FOL-DOX.
The molecular weight of the final triblock was measured as Mn =
33000, PDI = 1.05 (Figure 2b). '"H NMR (DMSO-ds, 500
MHz): Figure 2c. IR (KBr, cm™): 3425, 2928, 2853, 1704, 1627,
1576, 1395, 1242, 1187, 1025, 964.

Deprotection of Phosphonate Ester in Triblock
Copolymer (PHOS-FOL-DOX). Deprotection of phosphonate
ester was carried out as mentioned in the literature. Trimethylsilyl
bromide (9.8 mL, 7.5 X 107> mmol) was added slowly to a
solution of PHO-FOL-DOX (25 mg, 7.5 X 10™* mmol) in 8 mL
of dry dichloromethane. After stirring under room temperature
for 12 h, excess trimethylsilyl bromide and the solvent were
removed under reduced pressure. Twenty milliliters of
methanol/CH,Cl, (3:1 v/v) mixture was added and stirred for
1S h at room temperature. Finally, the excess solvent was
evaporated, and the polymer was purified by addition of
excess diethyl ether. In the process, 20 mg (60% yields) of red
color polymer was obtained. "H NMR (DMSO-d,, 500 MHz):
Figure 2d. IR (KBr, cm™): 3366, 2926, 2854, 1643, 1578, 1448,
1219, 1019, 772 (SI Figure S18b).

Fe;0, particle attachment to PHOS-FOL-DOX to
prepare PHOS-FOL-DOX-Fe. Magnetic nanoparticles were
prepared by following the literature procedure. Freshly
synthesized Fe;O, nanoparticles were functionalized with the
PHOS-FOL-DOX triblock copolymer. Ten milligrams of
PHOS-FOL-DOX polymer was dissolved in methanol. To
this, 10 mg of magnetic nanoparticles (Fe;0,) was added and
sonicated for 1 h. Excess polymer was washed out with methanol
by magnetic filtration. In the process, 8 mg (80% yields) of black
red color polymer obtained. IR (KBr, cm™"): 3366, 2926, 2854,
1643, 1578, 1448, 1019, 772.

B RESULTS AND DISCUSSION

Toward this goal, monomers, namely, cis-5-norbornene-6-
(diethoxyphosphoryl)hexanote (mono 1), norbornene grafted
poly(ethyleneglycol)-folate (mono 2), and norbornene derived
doxorubicin (mono 3) were synthesized (SI Scheme S2). The
complete characterization of these monomers are shown in
Figure 1 and SI Figures S1—S17. The synthetic importance of the
design was strongly encouraged by the freely water-soluble
nature of mono 2 (SI Scheme S2). Due to this, we envisioned
that there would not be a need for separate PEG polymer
segment to make the system water-soluble. It was suggested that
polymerization of mono 1 was done in a very controlled fashion.
A series of HP-PHO of mono 1, mono 2, HP-FOL, mono 3, and
HP-DOX (SI Scheme S3, SI Table 1) were made with different
feed ratios ([M]/[I] = 10, 25, 40, S0) to evaluate the “livingness”
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Figure 2. (a) “Livingness” of all homo polymers. (b) GPC analysis of
triblock (PHO-FOL-DOX) copolymer (Mn = 33 kDa; PDI = 1.04),
macroinitiator 2 (Mn 17 kDa; PDI = 1.1), macroinitiator 1 (Mn = 4 kDa;
PDI = 1.1). (c) "H NMR spectrum of triblock copolymer (PHO-FOL-
DOX). (d) 'H NMR spectrum of triblock copolymer (PHOS-FOL-
DOX).

of the polymerization (Figure 2a). It was observed that the poly-
merizations were well-controlled (SI Scheme S3, SI Table 1),
resulting in narrow polydispersitiy index (PDI), with good
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Table 1. GPC Results of PHOS-FOL-DOX

a mb n¢ Pd e

triblock copolymer p n

mol ratio® (p/m/n)

Mn,block th” (g/mol) | Mn, block (GPC)’ (g/mol) PDI

PHO-FOL-DOX 15 15 15 10 8 20

0.1133

37000 33000 1.04

“Theoretical degree of polymerization (DP) of monomer 1. bTheoretical DP of monomer 2. “Theoretical DP of monomer 3. “DP of monomer 1 by
GPC. “DP of monomer 2 by GPC. /DP of monomer 3 by GPC. $Theoretical ratio of monomers in the triblock copolymer. "Theoretical number-
average molecular weight (Mn). ‘Mn and polydisperisty index (PDI) were determined by GPC in THF relative to linear poly(methyl methacrylate)
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Figure 3. (a) DOX release profile of PHO-FOL-DOX micelles at 37 °C
in comparison with pH S.5, 6 and 7.4. (b) Pictorial representation of
DOX release from of PHO-FOL-DOX at pH S.5 and 7.4

yield (65—70%). Similarly, the homopolymerization of mono 2,
HP-FOL, (SI Scheme S3, SI Table 1), homopolymer HP-DOX,
and the results are shown in the SI Scheme S3 and SI Table 1.

After establishing the polymerization conditions for all the
monomers, the triblock copolymerization (Scheme 1.) was car-
ried out using second generation Grubbs’ catalyst at room
temperature in dry DCM and methanol (9:1 v/v %) solvent
system by sequential addition of mono 1—-3. The polymerization
was monitored by '"H NMR spectroscopy. The molecular
weights of the macro initiator 1 (PHO, Mn = 4000, PDI = 1.1),
macro initiator 2 (PHO-FOL, Mn = 17 000, PDI = 1.1), and the
final triblock copolymer (PHO-FOL-DOX, Mn = 33 000, PDI =
1.05) were measured in GPC using polystyrene standards. The
shifting of GPC traces in Figure 2b and Table 1 clearly indicated
the formation of triblock copolymer, PHO-FOL-DOX. Also, the
formation of PHO-FOL-DOX was confirmed through 'H NMR
and FTIR spectroscopy (Figure 2c). Before attaching the mag-
netic particles to the triblock copolymer, the in vitro drug release
studies were carried out to test the stimuli responsive nature of
the newly designed nanocarriers. For the drug release profile of
PHO-FOL-DOX, pH 7.4 as well as acidic conditions were
chosen to show the importance of hydrazone linker. Therefore,
drug release study of PHO-FOL-DOX micelles was carried out
in pH 7.4, 5.5, and 6.0 in phosphate buffer solutions, respectively
(Figure 3a,b). For dialysis study, see SI for experimental pro-
cedure. The DOX release from PHO-FOL-DOX at pH 7.4 was
minimal (less than $%), which was very interesting to observe as
it clearly demonstrated the PHO-FOL-DOX micelle’s stability in
the physiological condition. It was also worthy to note that the
maximum as well as fast release was observed at pH 5.5 (80% of
drug was released, Figure 3a) compared to pH 6 or pH 7.4
suggested the importance of having the acid-labile hydrazone
linker in the PHO-FOL-DOX.

Magnetic Particle Attachment. For maximized therapeutic
efficacy, nanocarrier-based cancer therapy should have minimum
or no cargo leakage before reaching the target and controlled size
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for effective extravasations.”! Suppose the magnetic nano-

particles encapsulated into micelle (via nonconjugate approach)

escape from the micelle before reaching the cancer site; they are

likely to induce nanotoxicity, due to their very reactive surface
2224 . -

area. These particles also have a greater ability for trans-

location across biological membranes, or agglomeration, which

can block blood vessels.***® Due to this, unwanted accumulation
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Figure 6. (a) CMC analysis of PHO-FOL-DOX (S0 pg/mL) in
methanol. (b) DLS analysis of PHO-FOL-DOX in methanol. (c) DLS
analysis of PHOS-FOL-DOX-Fe in methanol.

of these particles in nontarget organs leads to huge side effects.”*
To overcome these physiological barriers in the body, a rational
design of magnetic nanoparticles with controllable physicochem-
ical properties and functional groups for bioconjugation is
essential in the cancer research.”*™>” Toward this objective,
PHO-FOL-DOX was successfully synthesized. Before the Fe;0,
conjugation, PHO-FOL-DOX was deprotected to get the
phosphonic acid functionality to have a maximum attachment
of the magnetic nanoparticles. Deprotection of phosphonate
ester in PHO-FOL-DOX (SI Figure S18a) was carried by using
trimethylsilyl bromide. The deprotection was confirmed by the
'"H NMR, FTIR, measurements. The signal at 1.2—1.3 ppm was
absent in the deprotected triblock copolymer, PHOS-FOL-
DOX, (Figure 2d) which indicated the product formation. The
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Figure 7. (a,b) TEM images of Fe;O, nanoparticles; inset — SAED
pattern of the Fe;04 nanoparticles; (c,d) TEM images of PHOS-FOL-
DOX; inset — SAED of polymer; (e) and (g) TEM images of PHOS-
FOL-DOX-Fe; inset — SAED pattern of the nano carrier.

disappearance of the characteristic IR band at 1241 cm™'

supported the complete cleavage of phosphonate ester (SI
Figure S18b).

After the successful deprotection, Fe;O, nanoparticles conju-
gation was carried out. Magnetic nanogarticles were prepared by
following the literature procedure.**™>® Freshly synthesized

dx.doi.org/10.1021/bc400409n | Bioconjugate Chem. 2014, 25, 276—285
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Fe;0, nanoparticles were functionalized with the PHOS-FOL-
DOX triblock copolymer (Figure 4a). The appearance of the
characteristic IR band at 1270, 1009 cm™" corresponds to P=0
bond, and the P—O bond along with the characteristic Fe;O,
band at 543 cm™" (Figure 4b) confirmed the product formation
of Fe;0, particles attached triblock copolymer, PHOS-FOL-
DOX-Fe. Thermogravimetric analysis (TGA) on PHOS-FOL-
DOX:-Fe also confirmed the conjugation of magnetic particle
to the triblock copolymer. To prove that, first TGA of Fe;0,
alone was performed where there was no thermal degradation up
to 800 °C. Similarly, TGA of PHOS-FOL-DOX alone was
performed. It was observed that the triblock copolymer was
stable up to 160 °C after which its first degradation point started.
The polymer lost about 60 % of its weight before it reached the
temperature 280 °C where the second degradation point started.
The remaining 30% of the polymer's weight got degraded at the
temperatures between 350 and 560 °C after which all the
polymer completely degraded. Then. the TGA was performed on
Fe;0, conjugated triblock copolymer, PHOS-FOL-DOX-Fe. It
was observed that PHOS-FOL-DOX-Fe was stable up to 220 °C
which was about 60 °C higher than PHOS-FOL-DOX. We
attributed this increment in the initial degradation temperature
to the conjugation of particles to the OH motifs of phosphonic
acid functionalities in PHOS-FOL-DOX. In an unbound state,
the OH motifs got eliminated first at 160 °C, but due to the
conjugation with Fe;O, particles, they got little extended thermal
stability up to 220 °C. This proposal was confirmed by a control
experiment. TGA was performed on just a physical mixture of
Fe;0, particles and PHOS-FOL-DOX where the initial
degradation point of the physical mixture was also observed at
160 °C. This was because the Fe;O, was not conjugated, so
polymer got degraded to its original first degradation point. All
the other degradation pattern of PHOS-FOL-DOX-Fe were
similar to that of PHOS-FOL-DOX. From the final weight of the
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Figure 9. Confocal laser scanning microscope (CLSM) images of
COPY-DOX as well as PHOS-FOL-DOX treated 4T cells.

degraded material, it was calculated that the amount of Fe;0,
particles conjugated to the polymer was about 45% (Figure 4c).

After confirming the conjugation of the magnetic particles to
the block copolymer, we wanted to check the morphology of the
particle attached nanocarrier, PHOS-FOL-DOX-Fe (Figure S).
The CMC of PHOS-FOL-DOX copolymer was measured
by following a well-established method using pyrene as an ex-
trinsic probe.*® The observed CMC was 50 ug/mL (Figure 6a).
Dynamic light scattering (DLS) analysis was performed in the
solution that was used to measure the CMC. The size of the
micelles was measured as 90 nm with 0.25 PDI (Figure 6b). The
morphology of the micelles was determined by TEM (Figure7c).
The observed spherical morphology with the diameter of about

dx.doi.org/10.1021/bc400409n | Bioconjugate Chem. 2014, 25, 276—285
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Figure 10. Flow cytometry analysis of (a) APC-A channel; (b) PECy7-A channel.

80—100 nm was in good agreement with the DLS observation.
Similarly, the observed CMC of PHOS-FOL-DOX-Fe (Figure
S19) was 300 pg/mL. From the DLS experiments (Figure 6¢), it
was interesting to observe that the nanocarrier’s size slightly
increased to about 130 nm from 90 nm after the conjugation with
magnetic particles. This encouraged us to propose the following
model for the nanocarrier. It advocates that under the aqueous
and physiological environment, the nanocarrier would have
relatively polar FOL motifs externally whereas internally it would
have a hydrophobic drug part along with magnetic particle. This
proposed model was strongly supported by the TEM experi-
ments. From TEM analysis, the particle size was also measured at
about 130 nm which was in good agreement with DLS measure-
ments (Figure 7e and f). The selected area electron diffraction
(SAED) pattern (inset in Figure 7a and b) indicated that the ob-
served crystalline pattern was expected for magnetite particles.*'
TEM images of nanocarrier from PHOS-FOL-DOX-Fe copolymer
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suggested uniform shape and size. The observed increase in size
of nanocarrier was mainly due to the magnetic nanoparticle
conjugation. The SAED pattern of these nanocarriers showed
no difference from that of magnetic particles alone (inset in
Figure 7g), indicating that the conjugated nanoparticle did not change
crystalline structure during the conjugation process. Obviously, it was
not surprising that the SAED did not show any crystalline pattern for
PHOS-FOL-DOX alone (inset in Figure 7d). Also, the TEM images
with very dark core supported our proposed model of nanocarrier
with DOX, Fe;0, particle core, and folate corona.

The magnetic properties of Fe;O4 nanoparticles and PHOS-
FOL-DOX-Fe nanocarriers were measured by magnetic pro-
perty measurement system (MPMS) magnetometry at 300 K. A
typical magnetization (M) vs applied magnetic field (H) curve at
300 K is shown in Figure8a. The recorded saturation magne-
tization for the nanocarrier was 50 emu/g, while for Fe;O,
particles alone, it was recorded as 65 emu/g. The observed
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Nanacar

Cancer Cells

Figure 11. A cartoon representation of the magnetic field induced as
well as receptor-mediated endocytosis of PHOS-FOL-DOX-Fe nano-
carriers.

50 emu/g was considered to be a fairly high value for this type of
hybrid multifunctional nanostructure.*” We attributed this high
magnetic strength from the nanocarrier to the close proximity
and interaction of the magnetic particles conjugated in the
triblock copolymer. Due to this, magnetostatic pull force could
be expected in a gradient magnetic field. To test it quickly, the

nanocarriers in aqueous solution were introduced to the per-
manent magnet. It was observed that the nanocarriers moved
well in an aqueous solution toward the permanent magnet as
shown in Figure 8b,c. We envisioned that this powerful magnetic
vector of the nanocarriers would be effectively utilized for
enhanced tumor penetration.

Receptor-Mediated Delivery. To demonstrate the specific
cell uptake through receptor-mediated endocytosis of the newly
designed nanocarriers, the 4T cells were observed by the confocal
laser scanning microscope (CLSM) and the results are illustrated
in Figure 9. The cellular uptake of COPY-DOX'® and PHOS-
FOL-DOX-Fe with increasing concentrations was studied by
their intracellular distribution using confocal laser scanning
microscope (Zeiss, LSM 710). The COPY-DOX was chosen as
control molecule since it did not have any receptor molecule in
the design. FOL motif in the nanocarrier was effectively received
at the surface of the cancer cell due to the overexpressed folate
receptor.

Next, to prove the magnetic field induced drug delivery,
PHOS-FOL-DOX-Fe accumulated 4T cells were analyzed using
flow cytometry (Figure 10). To prove that, three different experi-
mental conditions were used: (i) 4T cells in suspension as con-
trol (no drug and no magnetic field), (ii) 4T cells in suspension
with nanocarrier (no magnetic field), and (iii) 4T cells in
suspension with nanocarrier were taken in MACS magnetic
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column (Miltenyi Biotec) and kept in the presence of magnetic
field as shown in Figure 11. To eliminate dead cells from living
cell population, FSC (Forward Scatter Channel) vs SSC (Side
Scatter Channel) were plotted. FSC was responsible for the
cell size whereas SSC was for the cellular granularity. Since
the nanocarrier could produce florescence emission in red
spectrum due to DOX, two florescence channels, namely, APC
(Allophycocyanin; Ex 640 nm, Em 660 nm) and PE-Cy7
(phycoerythrin-Cy7; Ex 488 nm, Em 752 nm) were chosen.
The results were compared and tabulated in Figure 10. It was
found that 0.58% (gate — P7) and 0.49% (gate — P8) of cells
‘with magnet’ exerted a clear intensity shift over cells ‘without
magnet’ in both APC and PE-Cy7 channels, respectively. It was
very interesting to note that the internalization of the nanocarrier
was about 8 times greater in the presence of magnetic field
compared to the condition without magnetic field. This
observation was clinically very important because it could
decrease the dosages of DOX and potentially overcome the drug
resistance in cancer chemotherapy.

Influence of Magnetic Field. Finally, for cell viability assay,
1 X 10 ° cells were incubated with S0 g/mL propidium iodide
solution (BD) in the flow tube. It was clearly observed that only
living cell populations were being dealt with (Figure 12a,b). No
intensity shift on PI-A (‘A’ stands for area under the peak of
propidium iodide intensity) axis was detected in the case of both
higher and lower SSC population (Figure 12c). To best of our
knowledge, this report clearly demonstrated the receptor-
mediated along with magnetic field assisted efficient drug
delivery.

Bl CONCLUSION

In conclusion, norbornene based triblock copolymers conjugated
with magnetic nanoparticles and anticancer drugs have been
prepared using ROMP technique. The nanocarrier of the newly
designed copolymer provides a powerful magnetic moment
under moderate gradient magnetic fields. This smart nanocarrier
is compact enough to meet the size requirement for a drug cargo,
as all the components can be self-contained within 130 nm itself.
Based on its distinct response to mild pH, combined with good
magnetic response and folate motifs, this smart nanocarrier can
serve as multiresponsive drug cargo. PHOS-FOL-DOX-Fe is the
first nanocarrier to integrate targeting, pH-responsive, and
magnetic field induced drug delivery for use in breast cancer
research. Our unique design can open up a new avenue for a
more effective cancer therapy through well-informed decision
making. Detailed in vivo experiments on the newly developed
system will be in a future report.
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