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Chapter 7 In-vitro Cell line & In-vivo Efficacy Studies

7.1 DETERMINATION OF SYNERGISM

Paclitaxel and Cyclophosphamide are widely used for treatment of Metastatic breast cancer
[1]. However no literature exists which proves the synergism between Paclitaxel and
Cyclophosphamide. Therefore, there arises a need to confirm the synergism between the two
drugs. Literature review suggests that 200mg/m? dose of Paclitaxel and 1750mg/m? dose of
Cyclophosphamide are suitable for the treatment of breast cancer [1]. Therefore, ratio of

Paclitaxel to Cyclophosphamide as 1: 8.75 was considered for the determination synergism.

7.1.1 Methodology

The Response Additivity approach was adapted for the determination of synergism between
Paclitaxel and Cyclophosphamide. The MTT assay was performed for plain drug Paclitaxel,
plain drug Cyclophosphamide alone and Paclitaxel + Cyclophosphamide combination (1:
8.75) on MCF-7 cell line to determine the % viability and ICs, for all the three components
[2-5].

MCF-7 Cells cultured in T-25 flasks were trypsinized and aspirated into a 5mL centrifuge
tube and cell pellet was obtained by centrifugation at 300 x g [6-9]. The cell count was
adjusted, using DMEM-HG medium, such that 200uL of suspension contained approximately
10,000 cells [6-9]. To each well of the 96 well microtitre plate, 200uL of the cell suspension
was added and the plate was incubated at 37°C and 5% CO, atmosphere for 24 h [6-9]. After
24 h, the spent medium was aspirated and 200uL of different test concentrations of test drugs
were added to the respective wells [6-9]. The plate was then incubated at 37°C and 5% CO,
atmosphere for the specified time [6-9].

The plate was removed from the incubator and the drug containing media was aspirated.
200uL of medium containing10% MTT reagent was then added to each well to get a final
concentration of 0.5mg/mL and the plate was incubated at 37°C and 5% CO, atmosphere for
3 h [6-9]. The culture medium was removed completely without disturbing the crystals
formed. Then 100puL of solubilisation solution (DMSOQO) was added and the plate was gently
shaken in a gyratory shaker to solubilise the formed formazan [6-9]. The absorbance was
measured using a microplate reader at a wavelength of 570 nm and also at 630 nm [6-9]. The
percentage growth inhibition was calculated, after subtracting the background and the blank
[6-9].
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7.1.2 Results and Discussion

Response Additivity is calculated as:

Expected effect = Effect of Drug 1+ Effect of Drug 2

If the response of the drug combination is higher than the expected effect, then the drug
combination shows synergism whereas if the response is lower than the expected effect, the
drug combination shows antagonism[2-5]. Based on the results obtained, the Response
Additivity graph of Paclitaxel and Cyclophosphamide alone versus Paclitaxel and

Cyclophosphamide combination was derived and is presented in Figure 7.1.

Response Additivity Approach for Synergism
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Figure 7.1: Response Additivity graph of Paclitaxel and Cyclophosphamide alone versus
Paclitaxel and Cyclophosphamide combination (1: 8.75)

Vankani Ankit K., The M. S. University of Baroda Page No. 230



Chapter 7 In-vitro Cell line & In-vivo Efficacy Studies

The analysis of Response Additivity reveals critical insights into pharmacological
interactions between Paclitaxel and Cyclophosphamide. By comparing observed effects of
drug combination against expected additive effects, it is evident that combination exhibits a
synergistic effect, suggesting enhanced therapeutic efficacy when used together [10]. Figure
7.1 substantiates this finding, illustrating that combined treatment surpasses expected
outcomes derived from individual drugs. This synergy not only underscores the potential for
improved clinical outcomes but also supports the feasibility of employing this combination in
novel drug delivery systems [11-13].

7.2  CELL VIABILITY ASSAY

The reduction of tetrazolium salts is now widely accepted as a reliable way to examine cell
proliferation [6-9]. The vyellow tetrazolium MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-
diphenyltetrazolium bromide) is reduced by metabolically active cells, in part by the action of
dehydrogenase enzymes, to generate reducing equivalents such as NADH and NADPH [6-9].
The resulting intracellular purple formazan can be solubilised and quantified by
spectrophotometric means [6-9]. The assay measures the cell proliferation rate and
conversely, when metabolic events lead to apoptosis or necrosis, the reduction in cell
viability [6-9].

7.2.1 Methodology

MCF-7 Cells cultured in T-25 flasks were trypsinized and aspirated into a 5mL centrifuge
tube and cell pellet was obtained by centrifugation at 300 x g [6-9]. The cell count was
adjusted, using DMEM-HG medium, such that 200uL of suspension contained approximately
10,000 cells [6-9]. To each well of 96 wells microtitre plate, 200uL of cell suspension was
added and plate was incubated at 37°C and 5% CO, atmosphere for 24 h [6-9]. After 24 h,
spent medium was aspirated and 200uL of different test concentrations of test drugs were
added to respective wells [6-9]. The plate was then incubated at 37°C and 5% CO,
atmosphere for specified time [6-9].

The plate was removed from incubator and drug containing media was aspirated and 200uL
of medium containing 10% MTT reagent was then added to each well to get a final
concentration of 0.5mg/mL and plate was incubated at 37°C and 5% CO, atmosphere for 3 h

[6-9]. The culture medium was removed completely without disturbing crystals formed and
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then 100uL of solubilisation solution (DMSO) was added and plate was gently shaken in a
gyratory shaker to solubilise formed formazan [6-9]. The absorbance was measured using a
microplate reader at a wavelength of 570 nm and also at 630 nm [6-9]. The percentage
growth inhibition was calculated, after subtracting background and blank, and concentration
of test drug needed to inhibit cell growth by 50% (ICso) was generated from dose-response

curve for cell line [6-9].

7.2.2 Results and Discussion

To investigate therapeutic efficiency of formulations, MCF-7 cells were treated with pure
Paclitaxel, pure Cyclophosphamide, Paclitaxel & Cyclophosphamide loaded NLCs and
Paclitaxel & Cyclophosphamide loaded Microemulsion at different concentrations, and cell
proliferation was measured by standard MTT colorimetric assay. Results are shown in Table
7.1 and In-vitro cytotoxicity analysis on MCF-7 cell lines at different time point is

graphically described in Figure 7.2.

Pure Paclitaxel and pure Cyclophosphamide showed gradual, dose-dependent decrease in cell
viability. At the highest concentration tested, cell viability decreased significantly, indicating
strong cytotoxic effects. The combination of Paclitaxel and Cyclophosphamide within NLCs
displays superior efficacy compared to either drug alone. This drastic reduction in cell
viability suggests a potential synergy between Paclitaxel and Cyclophosphamide when
encapsulated within NLCs. Microemulsions also show enhanced cytotoxic effects relative to

pure drugs, though they are slightly less effective than NLCs.

The slight edge observed with NLCs over microemulsions can be attributed to several factors
inherent to NLC technology. NLCs are known for their biocompatible and biodegradable
lipid matrix, which not only enhances drug stability but also allows for controlled drug
release, maintaining an effective concentration at the target site for longer periods [14]. This
sustained release mechanism likely contributes to the enhanced cytotoxicity seen with NLCs.
In contrast, while microemulsions improve drug solubility and bioavailability, they may have
faster drug release kinetics, which could lead to a rapid peak in drug concentration followed
by a quicker decline. This release profile might make microemulsions slightly less effective
than NLCs in maintaining prolonged cytotoxic effects over time [14]. The in-vitro drug

release studies indicate that PAC-CYC NLCs required 24 hours to achieve a release of over
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90% of the drugs, whereas PAC-CYC microemulsion accomplished the same release within 6

hours.
Table 7.1: Results of In-vitro Cytotoxicity study
Pure Paclitaxel
Time Point
CngéOf ngféﬁ 24 Hours 48 Hours 72 Hours
% o % . % 0
(hg/mL) | (a/mb) | \anitity | 22 SP- | viabitity | 2 SP- | viability | % SD:
0 NA 100.00 0.67 100.00 1.63 100.00 1.01
2 NA 92.13 0.91 83.57 1.96 78.10 1.94
4 NA 83.25 2.21 74.66 2.63 69.80 1.49
6 NA 75.39 2.16 68.46 1.71 61.12 2.19
8 NA 67.16 1.19 63.94 2.62 54.45 2.79
10 NA 60.87 151 54.97 3.12 46.88 3.40
Pure Cyclophosphamide
Time Point
CngéOf COCQE'COf 24 Hours 48 Hours 72 Hours
% 0 % . % 0
(hg/mL) | (a/mb) | \obitity | 2SO | viabitity | 2 SP- | viability | % SD:
NA 0 100.00 0.67 100.00 1.63 100.00 2.43
NA 175 96.75 0.49 78.41 2.01 67.00 4,74
NA 35 87.66 2.11 72.40 5.75 58.54 2.89
NA 52.5 86.93 3.59 60.08 1.49 44.38 2.92
NA 70 77.62 2.99 45.60 1.06 15.28 0.43
NA 87.5 61.86 4.22 13.84 0.30 1.34 0.23
PAC-CYC NLCs
Time Point
CngéOf CoCrl?.Cof 24 Hours 48 Hours 72 Hours
% 0 % . % 0
(hg/mL) | (a/mb) | \obitity | 22 SO | viabitity | 2 SP- | viability | %0 SD:
0 0 100.00 0.67 100.00 1.63 100.00 2.43
2 17.5 84.94 6.02 69.31 2.91 54.52 6.56
4 35 75.24 2.24 63.35 2.60 43.15 2.96
6 52.5 70.91 3.44 54.21 1.19 32.90 1.44
8 70 67.04 151 45.70 1.89 19.63 1.10
10 87.5 60.93 6.22 25.29 2.19 4.18 0.54
PAC-CYC Microemulsion
Time Point
CgXéOf COCQE'COf 24 Hours 48 Hours 72 Hours
% o % 0 % 0
(hg/mL) | (WIML) \anitity | 205D | viability | 2 SP- | viabiliy | 72 SP:
0 0 100.00 0.67 100.00 1.63 100.00 2.43
2 17.5 87.23 4,76 61.45 1.62 52.13 2.40
4 35 82.47 4.13 57.00 4,77 47.42 1.65
6 52.5 74.96 3.87 47.03 2.96 32.85 3.27
8 70 64.29 4.99 36.40 6.57 20.66 3.82
10 87.5 52.34 3.32 26.24 1.50 10.50 0.67
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Figure 7.2: Results of In-vitro Cytotoxicity study

The combined use of Paclitaxel and Cyclophosphamide in both NLCs and microemulsions

exemplifies the potential of synergistic drug formulations [15]. Each drug works through
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distinct mechanisms: Paclitaxel targets cell division via microtubule disruption, while
Cyclophosphamide targets DNA integrity. When used in tandem, these drugs can maximize
cell death by simultaneously disrupting different cellular pathways essential for cancer cell
survival [15, 16]. By encapsulating both drugs within NLCs or microemulsions, the study

achieves a combined cytotoxic effect that is greater than either drug alone.

At 72 hours, pure Paclitaxel exhibited 1Cso value of 9.10pug/mL whereas Paclitaxel in PAC-
CYC NLCs exhibited ICsq value of 2.92ug/mL and Paclitaxel in PAC-CYC Microemulsion
exhibited 1Cso value of 2.86pg/mL. At 72 hours, pure Cyclophosphamide exhibited 1Csg
value of 39.80ug/mL whereas Cyclophosphamide in PAC-CYC NLCs exhibited ICs, value
of 25.56pg/mL and Cyclophosphamide in PAC-CYC Microemulsion exhibited 1Csq value of
24.99ug/mL. The observed differences in 1Cso values for Paclitaxel and Cyclophosphamide
when delivered via PAC-CYC NLCs and PAC-CYC Microemulsion compared to their pure
forms was attributed to the enhanced drug delivery capabilities of nanotechnology-based
formulations. Lower 1Cso values for both Paclitaxel and Cyclophosphamide encapsulated in
NLCs and microemulsion clearly confirm that low dose were sufficient to kill 50% of the
MCF-7 cells in comparison to pure drugs. Both PAC-CYC NLCs and PAC-CYC
Microemulsion exhibited low Icso values in contrast to pure Paclitaxel and pure

Cyclophosphamide.

To conclude, in-vitro cytotoxicity studies demonstrated that PAC-CYC loaded NLCs and
microemulsion showed higher anti-proliferative activity than pure Paclitaxel and pure
Cyclophosphamide. Even at very low dose, NLCs and Microemulsion therapy was much
more effective than pure Paclitaxel and Cyclophosphamide alone [17]. PAC-CYC loaded
NLCs and Microemulsion can thus increase the therapeutic efficiency of both drugs by

suppressing the multidrug resistance phenomenon and exhibiting synergistic effect [18].

Vankani Ankit K., The M. S. University of Baroda Page No. 235



Chapter 7 In-vitro Cell line & In-vivo Efficacy Studies

7.3 CELLULAR UPTAKE AND CELL APOPTOSIS BY FLUORESCENCE
MICROSCOPY

The assessment of cellular uptake and apoptosis through fluorescence microscopy holds
significant relevance in the realm of anticancer therapy. These methodologies assist in
assessing the efficacy of anticancer therapeutics and elucidating their mechanisms of action at
the cellular level. For an effective anticancer agent, it is essential that it penetrates the cancer
cells at adequate concentrations. The drug uptake assay is instrumental in evaluating the
efficiency of drug delivery and absorption by cancer cells [19, 20].

Apoptosis represents a regulated mechanism of cellular destruction that effectively reduces
harm to adjacent tissues, in contrast to necrosis, which may lead to inflammatory responses.
Apoptosis assays serve as essential tools for evaluating the synergistic effects of combination
therapies [21, 22]. Fluorescence microscopy demonstrates increased apoptosis when multiple
drugs are administered concurrently, indicating a potentially more effective therapeutic
approach [19-22].

7.3.1 Methodology

7.3.1.1 Preparation of FITC tagged samples

FITC tagged pure Paclitaxel was prepared by dissolving Paclitaxel and FITC in mixture of
ethanol and Cremophor EL (1:1). FITC tagged pure Cyclophosphamide was prepared by
dissolving Cyclophosphamide and FITC in dehydrated ethanol. FITC tagged NLCs and
microemulsions were prepared by dissolving FITC in lipid phase and further manufactured as

per the optimized process [23-25].

7.3.1.2 Method for Cellular uptake and Apoptosis by fluorescence microscopy

Cellular uptake and Apoptosis study by fluorescence microscopy was performed for pure
Paclitaxel, pure Cyclophosphamide and Paclitaxel & Cyclophosphamide combination loaded
NLCs and Microemulsion.MCF-7 Human breast cancer cells were cultured in a 6-well plate
at a density of 2 x 10° cells/2 ml and incubated in a CO, incubator overnight at 37°C for 24
hours and the spent medium was aspirated and washed with 1ml 1X PBS [26-29]. The cells
were treated with FITC tagged NLCs/ Microemulsion in 2 ml of culture medium, incubated
for 24 hours and then cells were washed two times with 1X PBS at end of treatment[26-29].

500uL of mounting medium was added before imaging. Cells were observed under 10X &
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20X objectives of fluorescence microscope using filter cube with Excitation 470/40 and

Emission 525/50 for FITC. Images were analysed using ImageJ Software v1.48 [26-29].

7.3.2 Results and Discussion

The fluorescence microscopy images (Figure 7.3 and 7.4) of MCF-7 cells illustrate the uptake
of FITC conjugated pure drug solutions, NLCs, and microemulsion. The bright green
fluorescence contrasting with the dark background signifies the effective internalization of
these drug-loaded NLCs and microemulsion by the cells.

B.

Figure 7.3: Cellular Uptake and Apoptosis study by Fluorescence Microscopy of
[A] Pure Paclitaxel and [B] Pure Cyclophosphamide

B.

Figure 7.4: Cellular Uptake Assay and Apoptosis by Fluorescence Microscopy of
[A] PAC-CYC loaded NLCs and [B] PAC-CYC loaded microemulsion

The observed bright green fluorescence in the cells indicated uptake of the pure Paclitaxel,
pure Cyclophosphamide, PAC-CYC loaded NLCs, and PAC-CYC loaded Microemulsion by
the cells. The Figure 7.3[A] and 7.3[B], depicts MCF-7 cells exhibiting extensive blebbing

along with aggregation and cluster formation, a distinct morphological characteristic
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associated with apoptosis in cell cycle. Blebbing, Aggregation and cluster formation was
more in PAC-CYC loaded NLCs, and PAC-CYC loaded Microemulsion as compared to pure
Paclitaxel and pure Cyclophosphamide. Blebs represent atypical growth or bulges of the
plasma membrane, resulting from localized separation of the cytoskeleton from the plasma
membrane. The observed blebs appear as small, spherical formations extending from the cell

surface, indicative of cells in the process of apoptosis [30-34].

The increased aggregation, cluster formation, and blebbing observed in MCF-7 cells when
treated with Paclitaxel and Cyclophosphamide-loaded NLCs and microemulsion as opposed
to individual drug treatments was attributed to several synergistic and mechanistic factors.
NLCs and microemulsion both facilitated the simultaneous delivery of both Paclitaxel and
Cyclophosphamide, allowing them to work together at the cellular level. This combination
therapy promoted synergistic effects, leading to enhanced cytotoxicity and more aggressive
cellular responses such as increased aggregation and cluster formation [30-34]. Synergy
between the drugs can amplify their impact on disrupting cellular structures, thereby inducing
blebbing more than individual drug treatments would. NLCs and microemulsion improved
drug availability and enable more efficient cellular uptake due to their nano-sized structure

and lipid composition, which is similar to cellular membranes [33-36].

The NLCs and microemulsion can penetrate cell membranes more effectively, releasing the
drugs in a controlled manner, which intensifies the stress on cancer cells and accelerates
cytotoxic effects. This resulted in more pronounced physical changes, including blebbing and
aggregation in the cell culture. Both Paclitaxel and Cyclophosphamide have mechanisms that
target the cytoskeleton and mitochondria. Paclitaxel disrupts microtubule dynamics, while
Cyclophosphamide causes DNA cross-linking. The dual effect of DNA damage and
cytoskeletal disruption, when enhanced by the NLC and microemulsion delivery system,
caused severe cellular stress, which manifested as cell membrane blebbing (a hallmark of

apoptosis) and clustering as cells lost structural integrity [30-36].

Thus it is well evident that PAC-CYC NLCs and PAC-CYC microemulsion have better

cellular uptake and apoptosis as compared to pure Paclitaxel and pure Cyclophosphamide.
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7.4  CELL CYCLE ANALYSISBY FLOW CYTOMETRY

Cellular growth is considered as successive phases, characterized by specific biochemical
processes known as cell cycle [37, 38]. Flow cytometry was used to determine the
distribution of DNA in the cell replication state [37]. Quiescent and G1 cells will have one
copy of DNA having 1X fluorescence intensity [37]. G2/M phase of the cell cycle will have
two copies of DNA having 2X fluorescence intensity [37]. S phase which synthesizes DNA

will have fluorescence values between the 1X and 2X populations [37, 38].

7.4.1 Methodology

MCF-7 cells were cultured in a 6-well plate at a density of 3 x 10° cells/2mL and incubated in
a CO; incubator overnight at 37°C for 24 hours, spent medium was aspirated and washed
with ImL 1X PBS [39-42]. The cells were treated with PAC-CYC NLCs and PAC-CYC
Microemulsion in 2 mL of culture medium and incubated for 24 hours. One of the wells was
left as untreated to be used as negative control andfurther cells were fixed in 1ml cold 70%
ethanol by adding 70% ethanol drop wise to cell pellet while vortexing to ensure fixation of
all cells and minimise clumping[39-42].

Further the cells were fixed for at least 30 minutes on ice. Cells were washed with PBS twice
and resuspended in 400 pL PI-RNase solution per million cells and taken into 12x75mm
tubes and incubated for 5 to 10 minutes at room temperature [39-42]. Samples were mixed
well and analysed by Cytomics FC500 Flow cytometer, Beckman Coulter, USA [39-42].

7.4.2 Results and Discussion
The results of cell cycle analysis are presented in Table 7.2.

Table 7.2: Results of Cell cycle distribution in MCF-7 cells using Flow cytometry

Cellphase | Sample | PurePAC | Purecyc | PTEC | misor
% cells % cells % cells % cells % cells
SubG1 2.13 2.56 1.19 0.88 3.40
G0/G1 54.7 52.14 52.51 33.4 36.0
S 11.9 10.9 18.2 23.4 23.8
G2/M 30.4 33.4 30.4 40.6 35.2
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Cell cycle distribution in MCF-7 cells
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Figure 7.5: Cell cycle distribution in MCF-7 cells using Flow cytometry

Referring to Table 7.2 and Figure 7.5, pure Paclitaxel showed accumulation of cells in G2/M
phase and pure Cyclophosphamide showed halting of cells in S phase. However, Paclitaxel
loaded in PAC-CYC NLCs and microemulsion showed higher accumulation of cells in G2/M
phase in comparison to pure Paclitaxel and Cyclophosphamide loaded in NLCs and
microemulsion showed higher halting of cells in S Phase. The enhanced accumulation of cells
in the G2/M phase by Paclitaxel and the increased halting of cells in the S phase by
Cyclophosphamide when loaded in NLCs and microemulsions can be attributed to the

improved delivery \of these nanocarrier systems [43, 44].

It is clear that there was reduction of % cells in GO/G1 phase. There was 2 folds increase in %
cells at S phase, and there was significant increase in % cells at G2/M phase for both PAC-
CYC loaded NLCs and PAC-CYC loaded microemulsion when compared to untreated
sample. In untreated samples, cellular population was predominantly observed in the G0/G1
phase, indicating a state of quiescence or initiation of preparations for DNA replication [47].
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Following administration of Paclitaxel and cyclophosphamide loaded NLCs and
microemulsions, the cells transitioned from the GO/G1 phase as they advanced through the

cell cycle, yet endured a blockade in the subsequent phases (S and G2/M) [48-57].

The integrated therapeutic approach prompted a greater number of cells to transition from the
GO0/G1 phase into cell cycle, thereby exposing them to the pharmacological effects of the
treatment [25, 58]. The DNA damage response induced by cyclophosphamide and inhibition
of mitotic spindle by Paclitaxel significantly decreased GO/G1 cell population by obstructing
their advancement in cell cycle due to synergistic effect of combination loaded in NLCs and
microemulsion [25, 58]. This led to more effective drug delivery to cancer cells, resulting in
enhanced therapeutic effects. Thus, cyclophosphamide-induced DNA damage caused arrests
of cancer cells in S phase and microtubule stabilization effect of Paclitaxel prevented proper
mitotic spindle formation which arrested cells at the G2/M phase [25, 58-60].

Thus synergistic combination of Paclitaxel and Cyclophosphamide loaded in NLCs and
microemulsion could demonstrate better cell arrest in in-vitro cell cycle analysis study in

comparison to pure drugs.
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7.5 IN-VIVO EFFICACY STUDY

7.5.1 Methodology

The in-vivo efficacy of Paclitaxel and Cyclophosphamide loaded Nanostructured Lipid
Carriers (NLCs) and Microemulsion (ME) was evaluated using tumor regression studies in

xenograft model in female Sprague Dawley rats.

Female Sprague Dawley rats from the animal facility of Department of Pharmacology,
Institute of Pharmacy of Nirma University were used [60]. Animals were kept in a room with
ventilation (16-18 air changes/hour) relative humidity (45-65%), controlled temperature (20-
24 °C) and light/ dark cycle of 12 hours [60, 61]. The rats were fed a normal diet and given
tap water to drink ad libitum and all animal experimentations were carried out in accordance
with CPCSEA (Committee for the Purpose of Control and Supervision of Experiments on
Animals) guidelines, using Institutional Animal Ethics Committee (IAEC) approved
protocols [60, 61].

Animals were divided randomly into 5 groups with each group containing 6 animals. The
carcinogen 7, 12-dimethylbenzanthracene (DMBA) diluted in olive oil was used for induction
of breast cancer [61]. In order to induce tumours in female rats, 35 mg/kg DMBA in 1 ml
olive oil was injected subcutaneously beneath third mammary gland on right flank and
animals were palpated twice per week beginning five weeks after DMBA administration to
detect tumours [61]. Tumours were observed after 12 weeks after DMBA induction.
Treatment was started after tumor size of 80mm?® was reached. INTAXEL® of Fresenius Kabi
(Paclitaxel Injection 30mg/5mL (6mg/mL) Reference Product was given at the dose of
2mg/kg for once a week for 6 weeks, ENDOXAN™ of Zydus Lifesciences
(Cyclophosphamide for Injection, 200mg/vial) reference standard was given at the dose of
17.5mg/kg for once a week for 6 weeks, NLCs and Microemulsion were given at dose where
Paclitaxel was equivalent to 2mg/kg and Cyclophosphamide was equivalent to 17.5mg/kg for
once a week for 6 weeks. Animals were euthanized using thiopental sodium (120 mg/kg)
after 6 weeks of dosing [61]. Necropsy was performed immediately after euthanasia. Tumors
were collected for histological estimations. For histological examination, Formalin-fixed
tissues were embedded in paraffin, cut into 5um thick sections, and stained
with haematoxylin and eosin (H&E) and histopathological changes were photographed using

a digital camera mounted on a BX51 Olympus optical microscope. [62-64]
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7.5.2 Results and Discussion

To demonstrate the antitumor efficacy, INTAXEL®, ENDOXAN™, PAC-CYC NLCs and
PAC-CYC Microemulsion were injected in breast cancer bearing rats via lateral tail vein after
dilution with 0.9% sodium chloride Injection. The graph of Tumor volume versus drug
sample dosed is presented in Figure 7.6. The representative images of tumor for disease
control, INTAXEL®, ENDOXAN™, PAC-CYC NLCs and PAC-CYC Microemulsion are

presented in Figure 7.7.

Disease Control INTAXEL ENDOXAN PAC-CYC NLCs PAC-CYC ME

I Start of Dosing W ENd of Dosing

Figure 7.6: Observed Tumor volume for Disease control vs. Treatment groups

Dosing was started in rats when the tumor volume size of 80mm?® was reached. In disease
control group, the tumor volume reached to ~ 180 mm?size within 6 weeks, as no treatment
was given to the rats. When compared to disease control group, tumor growth was retarded in
INTAXEL and ENDOXAN group whereas groups treated with PAC-CYC NLCs and PAC-
CYC microemulsion prevented the tumor from growing. The prevention of tumor growth in
groups treated with PAC-CYC NLCs and PAC-CYC microemulsion can be attributed to the
enhanced delivery of these formulations [65-67].

These advanced drug delivery systems improved the bioavailability and therapeutic efficacy
of the chemotherapeutic agents, allowing for more effective targeting of tumor cells [65-67].
The combination of Paclitaxel and Cyclophosphamide in NLCs and microemulsions can

provide synergistic effects, enhancing the overall anti-tumor activity [68]. These formulations
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allow for the simultaneous delivery of both drugs, potentially improving their efficacy
compared to single-agent treatments [69, 70]. The images of tumours collected from different

groups are presented in Figure 7.7.

D. PAC-CYC NLCs treated Group E. PAC-CYC ME treated Group

Figure 7.7: Images of tumor for disease control, INTAXEL®, ENDOXAN™,
PAC-CYC NLCs and PAC-CYC Microemulsion
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Further, the histological examination of tumours was done to understand the impact of

treatment. Histological examination of tumours collected after 6 weeks of treatment are

presented in Figure 7.8 to Figure 7.13. Figure 7.8 shows histological micrographs of normal

control group with no induction of breast cancer. Histological micrographs of normal control

group showed normal adipose tissue, normal ducts and epithelial cells. There was no

presence of any tumour cells in adipose tissue, epithelial cells, normal ducts and epithelial

cells.
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Figure 7.8: Histological micrographs of Normal control group showing normal adipose
tissue, epithelial cells, normal ducts and epithelial cells
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Figure 7.9 shows histological micrographs of disease control group where the rats induced
with breast cancer were not given any treatment. Histological micrographs clearly depict
infiltration of adipose tissue by tumor cells and increased lymphocytes. Calcification of ducts
and infiltration of stromal cells by tumor cells is clearly visible in histological micrographs of
disease control group. Based on the histological micrographs of disease control group, it is

evident that breast cancer was induced in female rats.
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Figure 7.9: Histological micrographs of Disease control group

Figure 7.10 and Figure 7.11 presents the histological micrographs of groups treated with
INTAXEL (Paclitaxel Injection) and ENDOXAN (Cyclophosphamide Injection). Individual

treatment of Paclitaxel Injection was not completely effective in eradicating the tumour cells
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across the breast tissues. There was only partial reduction of tumour cells in adipose tissue,

epithelial cells, and other tissues however there was no calcification observed.

The partial reduction of tumor cells and the absence of complete eradication suggest the
emergence of drug resistance mechanisms. These mechanisms can be attributed to various
molecular and cellular factors that affect the drugs' effectiveness. One of the primary
mechanisms of resistance to Paclitaxel involves the overexpression of ATP-binding cassette
(ABC) transporters, which actively pump the drug out of cancer cells, reducing its
intracellular concentration and efficacy [71, 72]. Changes in the molecular targets of
Paclitaxel, such as microtubules, and associated proteins can lead to reduced drug binding

and effectiveness [71].

In the case of Cyclophosphamide, resistance can develop gradually, as observed in murine
models, where repeated drug exposure leads to decreased therapeutic response without the
selection of highly resistant sub-populations [73]. Additionally, the weekly administration of
Paclitaxel and Cyclophosphamide at moderate doses is designed to maintain sustained
exposure to tumor cells, potentially improving efficacy. However, this approach may not be
sufficient to overcome resistance or achieve complete tumor eradication in all cases [74].
Also, the absence of targeted delivery systems may contribute to the partial reduction of
tumor cells. Targeted therapies, including those using nanoparticles, can improve drug
accumulation in tumor tissues and reduce systemic toxicity, leading to better outcomes [72,
75].
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Figure 7.11: Histological micrographs of group treated with ENDOXAN

Figure 7.12 presents the histological micrographs of group treated with Paclitaxel and
Cyclophosphamide loaded NLCs which showed no infiltration of tumor cells within the
adipose tissue, and normal ducts. Few tumor cells were observed in the epithelial cells;
however the number was negligible as compared to micrographs of disease control group,
INTAXEL group and ENDOXAN group. There was no calcification observed and the tissues

lacked the abundance of lymphocytes which is typical in cancerous condition.
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The use of Paclitaxel and Cyclophosphamide loaded in nanostructured lipid carriers resulted
in significant tumor regression, as evidenced by the absence of tumor cell infiltration in
adipose tissue and normal ductal structures. The negligible presence of tumor cells in
epithelial tissues, compared to control groups, highlights the efficacy of this treatment [76].
The absence of calcification and reduced lymphocyte abundance further indicate a reduction
in cancerous conditions, suggesting that the NLCs effectively delivered the drugs to the

tumor site, enhancing their therapeutic action [77].

NLCs provide a promising platform for the co-delivery of synergistic drug combinations,
improving pharmacokinetics and enhancing intracellular drug delivery [78]. NLCs exhibited
improved delivery and efficacy of chemotherapeutic agents like Paclitaxel and
Cyclophosphamide by targeting delivery to tumor sites [79]. The combination of Paclitaxel
and Cyclophosphamide exploited their non-overlapping mechanisms of action and enhancing
therapeutic outcomes [79]. Thus Paclitaxel and Cyclophosphamide combination loaded in
NLCs and microemulsion was effective even at the moderate doses of both the drugs which
were not evident in individualized and conventional formulations of INTAXEL and
CYTOXAN.
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Figure 7.12: Histological micrographs of group treated with PAC-CYC NLCs

Figure 7.13 presents the histological micrographs of group treated with Paclitaxel and

Cyclophosphamide loaded microemulsions which exhibited complete absence of tumour cells

from the breast tissues. Histological micrographs show normal adipose tissues, ducts, normal

lymphocytes, and stromal cells with no tumor cell infiltration. Micrographs of group treated

with PAC-CYC Microemulsion were comparable to normal control group and strongly

represented effective therapy for the treatment of breast cancer.
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Figure 7.13: Histological micrographs of group treated with PAC-CYC Microemulsion

Thus, the use of Paclitaxel and Cyclophosphamide loaded microemulsions for treating
DMBA-induced breast cancer in rats showed promising results, with complete eradication of
tumor cells observed in treated group. This approach leveraged the benefits of
microemulsions as drug delivery systems, enhancing the therapeutic efficacy of the
chemotherapeutic agents [80]. This combination, when delivered via microemulsion, showed
superior outcomes compared to conventional formulations, highlighting the importance of

delivery systems in enhancing drug efficacy [81].
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