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Abstract: Cancer is a major global health threat and a leading cause of mortality worldwide. 
Nucleotide analog chemodrugs are commonly used in the treatment of various solid tumors, 
but their clinical efficacy is often limited by rapid blood metabolization, poor intracellular 
diffusion and significant side effects due to non-selectivity targeting. To address these 
challenges, this study investigates the potential of conjugating squalene—a natural triterpene 
and cholesterol biosynthesis precursor—to two model chemodrugs to enhance the drug's 
incorporation into endogenous low-density lipoproteins (LDLs) for targeted cancer delivery. 
By leveraging the natural affinity of lipoproteins for cancer cells with overexpressed 
lipoprotein receptors, this approach can potentially improve the drug’s specificity to cancer 
cells and accumulation at tumor sites. Using molecular dynamics (MD) simulations, we found 
that squalene-conjugated drugs have favorable partitioning into LDL interior with a deep 
negative free energy well. It confirms that squalene-drug conjugates possess the significantly 
higher affinity to LDL and the potential to exploit LDL for targeting cancer cells. The 
improved drug behaviors are expected to improve drug circulation and tumor accumulation. 
The findings provide valuable insights into the potential of squalene-conjugated chemodrugs 
as a novel strategy for improving the therapeutic efficacy of nucleoside analogs in cancer 
treatment.  

Keywords: Cancer drug delivery, Squalene, Cholesterol, Low-density lipoproteins (LDL), 
Molecular dynamics simulations. 

1. Introduction 

Cancer has been one major threat to human public health as the second‐leading cause of mortality in 
the United States. In 2024, an estimated 2,001,140 new cases of cancer will be diagnosed, and 611,720 
deaths will occur from the disease in the United States and the world [1-4]. Cancer is characterized 
by a series of genetic alterations and metabolic changes that results in abnormal cell growth and 
proliferation [5]. Prevalent methods for cancer treatment include surgical removement, chemotherapy 
[6-9], and radiation therapy [10-11]; there are also emerging modalities including immunotherapy 
[12-14], phototherapy [15-17], and targeted therapies [18-19]. However, the majority of patients who 
receive these treatment suffer severe side effects and even relapses[6,20]. For instance, small 
molecules for chemotherapy can lead to hair loss, nausea, vomiting, diarrhea in patients, as they not 
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only affect cancer cells but also kill normal healthy cells that proliferate rapidly. The repeated dosing 
resulting from the fast renal clearance and poor accumulation in tumors of such drugs further burdens 
the patients [21,22]. Therefore, developing drugs that have the capacity to actively target cancer cells 
may relieve the side effects and improve the life quality of cancer patients. 

As one of the most prevalent treatments, chemotherapy covers around 50% of the patients 
worldwide. Chemodrugs disrupt the cellular functions within cancer cells in different ways. 
Alkylating drugs (e.g., cisplatin, dacarbazine) add alkyl groups to DNA during difference phases of 
cell division and replication [23]. Antimetabolites disrupt the metabolic activities such as inhibiting 
essential enzymes and interfering RNA translation or transcription [9]. Topoisomerase inhibitors bind 
to enzymes essential for DNA replications [24,25]. These activities lead to DNA breaks, impaired 
enzymatic functions, and reduced RNA and protein productions, which eventually result in cell arrest 
and apoptosis. By the mechanism of chemodrugs, cells that undergo high rate of growth and 
metabolism are to be impacted significantly, and thus cancer cells are sensitive to such treatment due 
to their extremely high cell proliferation and metabolic activity. However, healthy cells, such as hair 
follicle stem cells and intestinal epithelial cells, are also frequently renewed and thus affected during 
chemotherapy. In this regard, endowing the chemodrugs with the ability to enhance targeting cancer 
cells emerges as a research endeavor with fundamental potentials for treating cancer [26-29].  

Endogenous machineries have been employed for cancer-targeting drug delivery. Low density 
lipoprotein, known as LDL, is natural carrier for lipids in our cells [30-32]. It is one of the five major 
groups of lipoprotein that transport all fat molecules around the body. LDL has a highly hydrophobic 
core consisting of polyunsaturated fatty acid known as oleates and hundreds to thousands of esterified 
and unesterified cholesterol molecules (Figure 1). This core also carries varying numbers of 
triglycerides along with other fats and is surrounded by a shell of phospholipids with unesterified 
cholesterol and a single copy of Apo B-100 [33]. Interestingly, LDL is highly positively associated 
with cancer development. Epidemiological studies have demonstrated that low-density lipoprotein 
(LDL) is closely associated with breast cancer, colorectal cancer, melanoma, leukemia, and other 
malignancies, suggesting that LDL plays important roles during the occurrence and development of 
cancers [31]. Intuitively, cancer cells demand a significant amount of fat and lipid molecules for the 
fast proliferation and cell growth. Several pieces of evidence indicate that various cancers upregulate 
the LDL receptor (LDLR) on the cell surface to scavenge LDL droplets. This inspired us that we can 
exploit the LDL as an active targeting carrier for hydrophilic chemodrugs and enhance the therapeutic 
outcomes.  

 
Figure 1: A schematic showing the shape and the chemical composition of an LDL droplet. It consists 
of an Apo-B protein on the surface of a lipid-based particle. 
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The question then becomes how we can engineer hydrophilic chemodrugs to allow them to 
partition into the LDL particles. Since the interior of LDL has a hydrophobic environment, we 
hypothesize that conjugating a hydrophobic moiety to the hydrophilic drugs with a reversible linkage 
may reverse the hydrophobicity of the drug and result in the favorable partition into LDL, which can 
subsequently carry the drugs to tumor sites and cells. Squalene emerges as a potential candidate due 
to its biocompatibility and readily availability. It is a natural 30-carbon triterpene and intermediate 
metabolite in the synthesis of cholesterol [34]. 

To confirm our hypothesis that squalene conjugation can enhance the partition of chemodrugs into 
LDLs, we used molecular modeling and coarse grained (CG) molecular dynamics (MD) simulations 
to simulate the partition process and quantify the associated free energy of free drugs and their 
squalene conjugates. As a proof of concept, we chose two model drugs, cladribine (CLA) and 
dacarbazine (DAC), and added two squalene moiety to form the conjugated drugs. We first 
successfully established the first CG LDL bilayer model that can be readily employed for a diverse 
simulation related to LDL droplets. From the simulations, we found that hydrophilic drugs possessed 
positive partition free energies while the squalene conjugates reversed the free energy profiles, 
exhibiting strong negative partition free energies, indicating that the partition of squalene conjugated 
drugs are strongly favored while that of the free drugs are disfavored. This evidence confirms our 
hypothesis that squalene conjugation can aid the chemodrugs to passively enter the LDL droplets due 
to the enhanced hydrophobic interactions with the LDLs. This partition, on one side, is likely to 
enhance the circulation of the chemodrugs, and on the other, will potentially enhance the drug 
accumulation because of the LDL targeting ability to cancers. 

2. Simulation Methods 

2.1. LDL Model Establishment 

The size and complex components of LDL particles forbid us to model the whole particle. Therefore, 
we created and simulated a simplified model which contained ~10% of the full volume [35]. We used 
the following approximations to make the simulations tractable with the available computational 
resources while retaining the realistic lipid compositions and all major physicochemical ingredients 
of the LDL droplets. First, we excluded the surface Apo-B protein due to the fact that the interaction 
between the interior core of LDL particles with squalene-conjugated drugs presented the major event 
during the simulations. In addition, instead of simulating a whole spherical structure, we constructed 
a slice of the LDL particle and placed it in a periodic box as a bilayer model (Figure 2).The 
composition of each component is listed in Figure 2, in accordance with a realistic LDL particle and 
a previously reported coarse-grained model of LDL. The hydrophobic core includes cholesterol, 
glyceryl trioleates, and cholesteryl oleates as a random mixture. The two sides of the surface contain 
POPC, LysoPC aligned with their hydrophobic tails pointing to the core, and hydrophilic head to the 
water phase. A portion of cholesterols are added to each of the surface lipid regions to enhance the 
rigidity of the phospholipid layers. 
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Figure 2: The schematic showing the establishment of the LDL model and the compositions in a 
single simulation box. The whole LDL droplet is sliced and modeled in a box with periodic boundary 
conditions as a bilayer model. The composition is around 10% of a whole volume of an LDL droplet.  

We employed a coarse-grained (CG) modeling in order to reach the length scales necessary to 
model a substantial patch of the LDL and the time scales needed to converge the free energy 
calculations. The Martini model models a group of atoms (3-5) as a united bead, which reduces the 
simulation particles and permits us to implement simulations with a large time step [36]. Meanwhile, 
it possesses good description of biomolecular interactions and superior computation efficiency 
compared with all-atom simulations. All the topology files and force field parameters were obtained 
from the Martini database (https://mad.ibcp.fr) and assembled using packmol [37] into a box with a 
XYZ dimensions of 5×5×36 nm as the initial configuration. The initial configuration is shown in the 
Figure 2A.  

2.2. Equilibration of the LDL Model 

Prior to the modeling of the drugs and LDL, a pre-equilibration of the LDL model is required to 
converge the potential energy and other quantities for subsequent steered MD simulations and free 
energy calculations. MD simulations were carried out with the GROMACS 2023.1[38] package with 
periodic boundary conditions in three dimensions under the isothermal and isobaric ensemble. The 
temperature was maintained at 310 K by the langevin thermostat [39] while the pressure was regulated 
to be 1 bar using Berendsen barostat [40] for equilibration and c-rescale [41] barostat for sampling. 
The stochastic integrator was used to integrate the equations of motion for the Langevin dynamics 
with a default friction constant (γ) of 0.5 ps-1. The time step was set to 0.02 ps. Since the model is a 
bilayer model, we employed a semi-isotropic pressure coupling, which is a standard practice for 
simulating bilayer models. At each time step, the translational center-of-mass motion was removed. 
The Lennard-Jones potentials for van der Waals interactions were shifted to zero beyond a cutoff 
distance of 1.1 nm, while for Coulomb interactions, the reaction-field approach was used with a cutoff 
of 1.1 nm and εr = 15 (water). All the MD parameters were employed and maintained in accordance 
with the mdp files on the Martini official website. 

For energy minimization, the steepest descent algorithms were used to eliminate any forces over 
1000 kJ/mol/nm2 in the system. Then a 10 ns of NVT equilibration and a 10 ns NPT equilibration 
were conducted followed by 100 ns production run until we observe convergence on system potential 
energy and other related quantities. The final configuration was extracted and utilized as the starting 
configuration for studying the interaction between LDL and drug molecules. The potential energy 
profiles, density, and system temperature were extracted by gmx energy, while the partial density 
profiles were calculated using gmx density. All visualizations of the MD simulated configurations 
were realized by VMD [42].  
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2.3. Modeling the Drug Molecules 

As a proof of concept, we selected two types of hydrophilic chemotherapy drugs, cladribine and 
dacarbazine, to confirm our hypothesis. Cladribine is an FDA approved chemotherapy drug for hairy 
cell leukemia which exhibits a characteristic of enhanced expression of LDLR [43]. Dacarbazine 
belongs to the alkylating chemodrugs used in clinics for the treatment of cancer of the lymph system 
and malignant melanoma, also with evidence of improved LDLR. Since the Martini database does 
model the small molecules, we parameterized the drug using an automated algorithm cg_param [44] 
which is reported to well describe the dynamics of small molecules. In Figure 3, we show the chemical 
structures and the AA to CG mapping for the two free drugs and their squalene conjugates. We 
appreciate that the cg_param program may be limited for complex drug models but we do anticipate 
that the distinct features of the drug and squalene can be reasonably represented to yield reasonable 
trends.  

 
Figure 3: Beads representation of the free drug and squalene-conjugated drugs for cladribine and 
dacarbazine. The blue beads represent the free drugs, and the gray beads represent the squalene tails. 
Each bead was assigned to a bead type by cg_param algorithm [44]. The chemical structures were 
created by ChemDraw. 

2.4. Steered MD Simulations  

For computing the partition free energy using an alchemical transfer approach, we need a system 
where the drug resides in the LDL core as the starting configuration. To achieve this, we inserted one 
drug molecule into the upper water phase and generated 4 independent systems with each containing 
one type of drug. The initial position was determined to be ~ 3 nm above the LDL model, and a short 
NPT simulation of 1 ns was implemented for each system to equilibrate the water beads around the 
drug molecule. At the meantime, the drug was tethered to a harmonic spring with a force constant of 
5000 kJ/mol/nm2 to prevent it drifting near the LDL surface. A long simulation may allow us to 
acquire configurations where the drug is inside the LDL core but can be intractable within our 
computation capacity. Thus, the steered MD simulations was utilized to pull the drug molecule into 
the LDL along the Z axis. The SMD simulations were performed under the NPT conditions over a 
course of 1.8 ns with a pulling rate of -0.005 nm/ps. The force constant of 3000 kJ/mol/nm2 was used. 
The COM distance between LDL and the drug was within 2 nm in the final configuration.  

2.5. Free Energy Calculation by Alchemical Transfer Method 

To compute the free energy associated to the partition of drug molecule into the LDL core (or 
reversibly the extraction of the drug molecule from LDL core to water phase), we employed an 
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alchemical transfer protocol. Briefly, we copied the drug in the final configuration from the SMD 
simulation to the water phase. The drug in the LDL core is termed as MOL_1 while the one in water 
phase is denoted as MOL_2. For the initial state, MOL_1 is interacting with environment while 
MOL_2 is totally decoupled and noninteracting. Then, along the alchemical path, we simultaneously 
switch on the MOL_2 interactions and switch off the MOL_1 interaction, controlled by a parameter 
λ [45]. To prevent molecule drifting around, we applied a harmonic potential with a force constant of 
1500 kJ/mol/nm2 to both molecules.  

 
Figure 4: Convergence of the free energy calculation from different blocks of simulation time. All 
calculations have converged within the sampled time.  

With an intermediate state λ, the Hamiltonian is described as  

𝑈𝑈(𝜆𝜆) = �1 − 𝜆𝜆�𝑈𝑈0 + 𝜆𝜆𝑈𝑈1 

in which 𝑈𝑈0 and 𝑈𝑈1 are the potential energy associated with the initial state and final state [46], and 
𝜆𝜆 is the fictitious parameter from 0 to 1 linking the initial and final states. The free energy between 
the two states is then computed using the algorithm of gmx bar [47]. The time convergence of the 
free energy is calculated using alchemlyb [48,49] as shown in Figure 4.  

3. Results 

3.1. The Slice Model Retains the Properties of an LDL Particle 

Prior to modeling the interaction between drugs and LDL particles, it is essential to obtain a well-
equilibrated LDL model that is computationally tractable but also captures the property of a real LDL 
particle. Therefore, we established a slice model according to the previous report [35,50] using a 
Martini model by placing the esters within the core and phospholipid on the shell randomly (Figure 
5A). After equilibration, we observe that the model shrinks due interaction between the molecules. 
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To check equilibration process, we monitored thermodynamic quantities including potential energy, 
temperature, and density during the equilibration simulation. In Figure 5B-D, all these quantities are 
shown to have converged within the simulation time indicating that the system is stable and has well 
equilibrated.  

 
Figure 5: Illustration of the equilibration of the LDL model. (A) The snapshots of initial configuration 
and final equilibrated configuration of the LDL model. The phospholipid, POPC and LysoPC are 
shown in pink and cyan, respectively. The green, orange, gray color represent the TOG, cholesterol, 
and CHYO molecules. The convergence profiles of (B) potential energy, (C) temperature, and (D) 
density along the simulation time.  

We further examine the distribution of molecules in the model since this is another important 
metric for evaluating the model. Figure 6 shows the partial density profiles of all components along 
the Z axis. The equilibrated snapshot is replicated and imposed for better visualization. From the 
partial density distribution, no water infiltration is observed into the LDL core because of the 
hydrophobic-hydrophilic repulsive interactions. Moreover, the partial overlapping of POPC and 
LysoPC heads with water phase, indicating that the membrane is well solvated by the water. In 
addition, the esters and cholesterols are well-distributed inside the LDL model, exhibiting a 
symmetric distribution in accordance with a number of bilayer models. All these observations are 
consistent with previous MD simulation on similar systems and suggest that the LDL model is well 
equilibrated, preserving the macroscopic properties and molecular details as in a real LDL droplet, 
and thus is suitable for subsequent modeling with drug models.  
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Figure 6: The partial density profiles of the LDL components. The LDL is shown in bonds and beads 
while the water is shown as a cyan bulk phase. The phospholipids are shown in pink and cyan, 
respectively. The green, orange, gray, pink and cyan colors represent the TOG, cholesterol, CHYO, 
POPC and LysoPC, respectively.  

3.2. The Partition of Drug Molecules into LDL 

With the established LDL model, we then attempt to model its interaction with the drugs. Two model 
drugs were chosen, including cladribine and dacarbazine. Cladribine is a purine antimetabolite used 
to treat multiple sclerosis (MS) and hairy cell leukemia [51]. dacarbazine is an alkylating agents used 
to treat melanoma, soft tissue sarcoma and Hodgkin lymphoma [52]. All these types of cancers have 
been reported to exhibit enhanced LDLR expression, and therefore the selected two drugs are well-
suited for the study [31].  

Cladribine and dacarbazine are both hydrophilic molecules and we expect that squalene 
conjugation can increase its interaction with LDL. One important consideration during model 
construction was that we made sure the linkage between the squalene to the drug is reversible under 
biological conditions and makes chemical sense. As a consequence, the ester linkage is used due to 
their propensity to hydrolysis in cells (e.g., lysosomes) and feasible synthesizability in lab. The 
chemical structures of the free drugs (CLA, DAC) and their squalene conjugates (SQ_CLA, SQ_DAC) 
are shown in Figure 3. Imposed on the chemical structures are the Martini beads used to model the 
drug molecules.  

Subsequently, we inserted the drug molecules into the water phase as the initial structure and 
generated four intendent systems, with each containing a drug molecule. In principle, we can run a 
long conventional MD simulation and observe the partition of the drug molecules into LDL and use 
that for subsequent free energy calculations. However, in order to observe such transition would 
require microseconds or milliseconds simulations, which would pose a great challenge for us. Thus, 
we opted for steered MD simulation to gradually pull the molecule into the interior of LDL model 
along the Z axis using an external harmonic potential. The distance between the center of mass (COM) 
of the drug and LDL were monitored. Since this process is out-of-equilibrium, the pulling force and 
speed were carefully tuned to allow smooth transition while minimize the perturbation to the whole 
system. As shown in Figure 7A, a smooth decrease in the COM distance is observed implying that 
the pulling force was suitable, and the pulling process was slow enough to not to significantly perturb 
the equilibrium of the system. The representative configurations are also shown in Figure 7B to depict 
the partition process.  
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Although we obtained a series of configurations along the partition path, the process of drug 
entering the LDL is not necessarily energetically favored due to the existence of the artificial potential. 
We emphasize here that the major purpose of SMD simulations is to acquire the initial configuration 
(where the drug is within the LDL core) for the free energy calculations. The pulling process can 
never be regarded as the real partition process.  

 
Figure 7: The SMD simulation for pulling the drug molecules into with CLA and SQ_CLA as an 
example. (A) The COM distance between CLA and SQ_CLA along the Z axis. (B) The representative 
snapshots from the SMD simulation to depict the process of drug partition into the LDL core. The 
green, orange, gray, pink and cyan colors represent the TOG, cholesterol, CHYO, POPC and LysoPC, 
respectively. The drug SQ_CLA is shown in lime green.  

3.3. Squalene Conjugation Enhances the Drug Partition into LDL 

Having acquired the configurations along the partition process, an additional step to calculate the free 
energies associated to the partition process is required. Thanks to the fact that free energy is a state 
function and is independent of the reaction path, we then avoided the use of umbrella sampling that 
enhances sampling along the whole pulling path, and opted for an alchemical transfer method that 
only determines the free energy difference between the predefined two states. The details of the 
implementation of the method can be found in the Methods section.  

 
Figure 8: Illustration and results of the free energy calculation. (A) The schematic showing the 
alchemical transfer method. The interacting drug is shown in yellow while the non-interacting drug 
is shown in gray. The green, orange, gray, pink and cyan colors represent the TOG, cholesterol, 
CHYO, POPC and LysoPC, respectively. (B) Bar plot showing the partition free energy of the free 
drugs and their squalene conjugates.  
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As shown in Figure 8A, the two states are defined and controlled by the parameter λ. In state 0, 
the drug within the LDL is interacting with its environment, contributing to the potential energy of 
the system. In contrast, the drug in the water phase is non-interacting and thus does not interfere with 
the rest of the system. In state 1, interacting state is reversed with drug in the water phase interacting 
while that in the LDL not interacting. By slowing altering the λ value, we construct a series of 
windows that connect the two state. The free energy can thus be calculated using free energy 
perturbation theory. 

The calculated free energies for all have converged within the simulation time (Figure 4) and are 
summarized in Figure 8B. It is obvious that due to the hydrophilic nature the hydrophilic free drugs 
show positive free energies of 56.92 kJ/mol and 48.37 kJ/mol for CLA and DAC, respectively. The 
positive free energy barrier suggests that the free drugs are not probable to enter the LDL interior and 
exploit the targeting ability of LDL particles. In contrast, the squalene conjugated drugs exhibit 
reversed free energies of -57.03 kJ/mol and -185.13 kJ/mol for SQ_CLA and SQ_DAC, respectively, 
leading to energy decreases of 113.95 kJ/mol and 233.50 kJ/mol. This huge energy benefit strongly 
indicate that the squalene conjugated drugs can bind to the LDL particle and progress to the interior 
for form a stable adduct. In such cases, the drug can enrich in the LDL during circulation in biological 
medium, which can subsequently accumulate in the cancer cells.  

4. Conclusions and Discussions 

Developing cancer targeting drugs, especially for hydrophilic chemodrugs, has been a long-standing 
research question as it possesses the benefits of improving the pharmacodynamics of drugs, 
enhancing treatment outcomes while reducing side effects(29, 53-56). In this contribution, we 
propose a novel approach by squalene conjugation to endow the drugs with the ability to exploit LDL 
particles to target cancer cells. Our MD simulation results show that the squalene conjugation to 
hydrophilic chemodrugs (CLA and DAC) is able to reverse and significantly reduce the free energy 
of the drug entering the LDL particle. During circulation in body, the squalene-drug conjugates may 
bind to and enrich in LDL particles first. Then, due to the enhanced expression of LDLR on certain 
cancer cells, the LDL particles will be scavenged and accumulate in tumor sites, along with the drugs 
within. In this way, the drug will also target to and function in cancer cells, and the elevated local 
drug concentration is expected to improve the cancer treatment effects and reduce its harm to healthy 
cells.  

Since our project relies on computational studies, it has its own limitations that we aim to address 
in future. First, the CG model is an approximation for the interaction between molecules to achieve 
high computational efficiency, and the CG models for the drugs are not extensively parameterized 
under the assumption that current model can capture general trends [36]. Therefore, future study can 
focus on whether the results we obtained is consistent with all-atom simulations and gain more 
detailed chemical information. Secondly, the biological medium if a complex environment consisting 
of proteins, ions, and lipids, while modeling such is impossible in computers at least in the capability 
of our computation resources. Simplification of the computer model has to neglect certain factors, 
which may also affect the partition free energy and the kinetics. Last but not least, a gap generally 
exists between computational results an experimental observations, and thus experimental testing will 
be the next major step to prove the targeting concept.  

Overall, we propose a new cancer targeting approach that a squalene conjugation can aid the drug 
in hitchhiking on endogenous LDL particles to target to cancer cells. We envision that such strategy 
can be generalized to a wide range of different chemodrugs, with the potential to improve cancer 
therapeutic outcomes, reducing side effects and eventually contributing to public health. 
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