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Effects of hypoxia and nanocarrier 
size on pH‑responsive 
nano‑delivery system to solid 
tumors
M. Soltani1,2,3,4*, Mohammad Souri1 & Farshad Moradi Kashkooli1

One of the special features of solid tumors is the acidity of the tumor microenvironment, which is 
mainly due to the presence of hypoxic regions. Therefore, pH-responsive drug delivery systems 
have recently been highly welcomed. In the present study, a comprehensive mathematical model 
is presented based on extravascular drug release paradigm. Accordingly, drug delivery system 
using pH-responsive nanocarriers is taken into account to examine the impacts of hypoxic regions 
as well as the size of nanocarriers for cancerous cell-death. The extent of hypoxic regions is 
controlled by vascular density. This means that regions with very low vascular density represent 
regions of hypoxia. Using this mathematical model, it is possible to simulate the extracellular and 
intracellular concentrations of drug by considering the association/disassociation of the free drug 
to the cell-surface receptors and cellular uptake. Results show that nanocarriers with smaller sizes 
are more effective due to higher accumulation in the tumor tissue interstitium. The small size of the 
nanocarriers also allows them to penetrate deeper, so they can expose a larger portion of the tumor to 
the drug. Additionally, the presence of hypoxic regions in tumor reduces the fraction of killed cancer 
cells due to reduced penetration depth. The proposed model can be considered for optimizing and 
developing pH-sensitive delivery systems to reduce both cost and time of the process.

Hypoxia is one of the most important features of solid tumors that affect tumor growth as well as therapeutic 
responses1,2. Most of the solid tumors have a similar metabolic process, since they first use the blood supply sys-
tem of the host tissue to provide their oxygen and nutrients3. As the tumor grows, the need for oxygen and nutri-
ents increases to meet the demands of the tumor. Hence, tumors form their own microvascular network from 
the host circulatory system through angiogenesis4,5. However, the formed microvasculature is chaotic and suffers 
from functional and structural abnormalities6,7. Thus, this microvascular network forms oxygen deficiency areas 
(i.e., hypoxic regions) inside the solid tumor, especially at central parts of the tumor8,9. It is reported that more 
than 50% of solid tumor cells, mostly those that are located in the tumor central areas, are deprived of sufficient 
oxygen supply; while, the cells that are placed close to tumor periphery are adequately oxygenated10–12. Hypoxic 
regions are found at different stages of tumor growth, for example in some cases in malignant tumors that are 
only 1 mm in size13. As cells need oxygen and adequate amounts of nutrients for metabolic activities, oxygen 
deficiency is a major challenge for cell survival14,15. However, cancer cells intelligently adapt to the hypoxic stress 
through a sequence of hypoxia-induced factors (HIF), mainly HIF-1, and undergo genetic transformations16. 
This is a disaster, because it helps the disease to progress via reconstruction the extracellular matrix (ECM)17.

Another important feature of solid tumors, which is traditionally associated with hypoxia, is the acidity of 
the tumor microenvironment (TME), i.e., lack of oxygen and acidity have been observed simultaneously in the 
TME18. Acidic TME is arising from hypoxia regions and accumulation of extracellular lactic acid in tumors19,20. 
In addition, pumping protons from hypoxic tumor cells further lowers the surrounding pH. Other metabolic 
processes, including tumor respiration, transport of H+ and HCO−

3  , and extracellular drainage of H+ also affects 
tumor acidity19,20. In general, high glucose metabolism rate in cancer cells under aerobic and anaerobic conditions 
causes acidification of tumor tissue compared to normal tissue21. Therefore, the pH gradient is a special feature 
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of tumor that is of great importance in using targeted pH-responsive nano-sized drug delivery systems for tumor 
treatment22. Nano-based drug delivery systems encapsulate anti-cancer drugs in the carrier, which significantly 
reduces the side effects of anti-cancer drugs compared to their free injection. Also, due to surface-area-to-volume 
ratio of nanocarriers, they have a high loading capacity9. On the other hand, by engineering the physical and 
chemical properties of nanocarriers, their non-specific distribution can be prevented. Among these, the size of 
nanocarriers is one of the most important physicochemical factors that determines the amount of accumulation 
in the tissue. Nanocarriers are mainly designed in sizes over 12 nm, as the nanocarriers should be larger than the 
gap between the endothelial cells of the normal tissue microvasculature (less than 6 nm) to prevent accumulation 
of nanoparticles in normal tissue22,23. Therefore, it is necessary to evaluate this factor for different purposes to 
achieve the best performance of nano drug delivery system.

For effective delivery of encapsulated anticancer drugs via pH-responsive carriers, it is necessary to store 
and stabilize the drug-loaded pH-sensitive nanocarrier at physiological pH level; while, drug will be released at 
target site by reaching the pH level of carrier to trigger point24. According to the composition of nanocarriers, 
pH-responsive nanocarriers can be classified into organic, inorganic, and hybrid25. Drug release strategies vary 
in response to pH based on the composition and structure of the nanocarriers; however, among these factors, 
the swelling and solubility release mechanisms play a prominent role9, which fall into the category of sustainable 
release because drugs are released over a long period of time due to very low release rates9. Sustainable release 
mechanism increases the effectiveness of drugs that are rapidly metabolized and excreted, because by stabilizing 
the concentration level, the cancer cell is exposed to an appropriate drug concentration for a long time, prevent-
ing tumor growth through controlling cell proliferation9,26.

In the present study, for the first time, a pH-responsive nano-sized delivery system based on the extravascular 
release paradigm is investigated through a developed mathematical model. Figure 1 presents an overview of the 
issues examined in this study. The negative effects of the hypoxic region on the therapeutic response have been 
proven due to their very poor perfusion in solid tumors. Based on vascular density, which represents perfusion, 
solid tumors are divided into three different zones, including proliferation (S/V ≥ 150[1/M]) , quiescent 
(S/V ≥ 100[1/M]) , and hypoxia (S/V ≥ 20[1/M]) . The vascular density of the hypoxic regions is less than 0.1 
of that in the proliferation zone. Areas with a vascular density of 20[1/M] ≤ S/V ≤ 100[1/M] are known as 
transitional hypoxic regions. Here, S is the vascular surface area and V  is the volume of the tissue, which S/V  is 
referred to as vascular density. In the proliferative regions, angiogenesis process is still ongoing and vascular 
density is also increasing; while, in the quiescent regions, angiogenesis is perfectly finished. Based on vascular 
density and hypoxic regions, 4 different cases are evaluated for solid tumor (Fig. 1B). On the other hand, due to 
the density distribution of blood microvessels, which also shows the oxygen level, the pH level of the tumor 
varies. According to the literature, the hypoxic region has the lowest pH (5.7–6.5)27,28. However, in the prolifera-
tive region, due to the high density of blood microvessels, H+ ions are washed out by venting into the blood-
stream, which raises the pH compared to the other areas (7–7.4) (Fig. 1C)20. Therefore, the pH gradient range 
of tumor extracellular varies between 6.2 and 7.2. So, the pH-responsive nanocarriers have different release rates, 
depending on the location. Hence, in this study, the effect of nanocarrier size as an important physicochemical 
property on biological distribution is investigated. Also, assuming equal amount drug-loading, the therapeutic 
results are investigated (Fig. 1D). The size of the nanocarriers has been selected by considering hydrodynamic 
and electrostatic interactions as the nanocarriers pass through vascular pores of a specified size (200 nm) in the 
appropriate range (≤ 100 nm)22,29,30.

Results and discussion
Fluid flow.  Interstitial fluid fields play a significant role in the transport of therapeutic agents in biological 
tissues, because both interstitial fluid pressure (IFP) and interstitial fluid velocity (IFV) determine the migra-
tion of therapeutic agents in the ECM through convection mechanism. Additionally, the difference between IFP 
and intravascular pressure in the microvascular network is an influential factor in the transvascular exchange of 
therapeutic agents. According to the properties of biological tissues, Darcy law is employed to simulate the flow 
behavior31. Accordingly, for the condition of 2080 Pa in intravascular pressure32, the distribution of IFP and IFV 
in both tumor and healthy tissues is demonstrated in Fig. 2. IFP is uniform in both tumor and normal tissues, 
whereas there is a large pressure gradient in a narrow layer between tumor and healthy tissue. It is also clear that 
the tumor IFP is much higher than that of normal tissue. The reason is that due to the dysfunctional lymphatic 
system in the tumor, the microvascular network of the tumor has a higher leakage rate than that of normal tis-
sue, i.e., the material entering the interstitial space do not leave it, so they accumulate in the tumor tissue and 
increases the IFP. The mean spatial value of tumor IFP is obtained 1533.88 Pa; which, in addition to agreeing 
with previous numerical studies31,33, also has good compatibility with experimental study34 that show the tumor 
IFP is placed in the range of 586 to 4200 Pa. The spatial mean value of IFP in normal tissue is 40 Pa; which, in 
addition to numerical studies, agrees with experimental test35 in which an IFP in normal tissue has the range of 
-400 to 800 Pa. In contrast to IFP, the mean value of IFV for both tumor and normal tissues has the lowest value. 
Maximum IFV occurs only at tumor margins where there is a large IFP gradient. According to Fig. 2B, the IFV 
is an order of 10−8 m/s that has not been recorded by experimental studies, so it has been compared with the 
previous numerical models, demonstrating a good agreement between the results.

Therapeutic agents transport and therapeutic response.  Drug-loaded pH-responsive nanocarriers 
do not release the drugs in the bloodstream and normal tissue due to their neutral pH level. After extravasation 
of the nanocarriers from the vessels into the tumor interstitium, they react in response to the acidic TME and 
release the drug at a certain rate based on carrier site, i.e., pH distribution in tumor. On other hand, vascular 
density determines the spatial accumulation of nanocarriers in TME. Transport of therapeutic agents in the 
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interstitium is determined through the convection–diffusion-reaction (CDR) equations. Responsive nanocarri-
ers and drug molecules penetrate deep into the tumor based on the concentration gradient, known also as the 
inward diffusion mechanism. However, the outward interstitial fluid flow resists against depth of penetration 
based on the convection mechanism, although its resistance level is not strong. However, the size of nanocarriers 
is a determinant factor in efficacy of nano-size drug delivery system, which has great impact on the penetration 
depth. This is due to the size ratio of nanocarriers to ECM pores, they have a very poor diffusion coefficient in 
interstitium. In the following nano-based drug delivery process, released free drugs bind to cell-surface recep-
tors with a high binding affinity. If they are not unbound by the receptors, they are internalized to the cells and 
cause cell-death by damaging the organelles of the cell.

Figure 3 shows the distribution of therapeutic agents as well as therapeutic response when the tumor is not 
affected by hypoxia regions, i.e., in this case, all areas of the tumor have good perfusion. Figure 3A shows the 
temporal distribution of nanocarriers in different sizes and their spatial distribution when the maximum con-
centration is recorded. Using nanocarriers in a size of 20 nm, due to higher permeability, accumulate more in 
the tumor interstitium; while, employing 100 nm nanocarriers lead to the lowest accumulation. Additionally, 

Figure 1.   An overview of the issues examined in this study; (A)The proliferative region, which contains the 
highest vascular density, has a higher oxygen level and consequently, a lower acidity level, unlike the hypoxic 
region, which has the lowest vascular density. Quiescent and proliferation regions do not suffer from lack 
of oxygen. Also, the only difference between these two regions is related to their vascular density so that the 
proliferation regions has a higher vascular density, (B) Based on the hypoxic region, which has the lowest 
vascular density, 4 different cases are considered for solid tumors (Without hypoxia region, 20% hypoxia zone, 
50% hypoxia zone, and 80% hypoxia zone), (C) Hypoxic region has the lowest pH (6.2) and the tumor periphery 
has the highest pH (7.2). Acidity levels in other regions of the tumor depending on vascular density, (D) 
pH-responsive nanocarriers in various sizes of 20, 50, and 100 nm are taken into account to analyze the effect of 
nanocarrier size.
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carriers with a size of 20 nm have a higher penetration depth that allows them able to reach the tumor center, 
although their concentration is not significant in the tumor center. In contrast, 100 nm nanocarriers have a weak 
accumulation in a narrow layer at the tumor periphery. Carriers begin to release the drug in response to the 
acidic environment; however, due to the very low release rate, the maximum concentration of released drug is 
recorded about 10 h after the maximum concentration nanocarriers is happened. Figure 3B shows the temporal 
distribution of the free drug in different sizes and their spatial distribution when the maximum concentration is 
recorded. As expected, due to assuming equal amount drug-loading and higher accumulation of nanocarriers 
with smaller sizes because of longer half-life of smaller nanocarriers, the accumulation of free drugs delivered by 
20 nm carriers is higher. Despite these interpretations, the penetration depth of the free drug is weak due to the 
high binding affinity; i.e., the rapid binding of the released drug molecules to the cell-surface receptors in each 
area of the tumor causes the drug penetrate less deeply into the tumor. The temporal distribution of the bound 
drug has similar trend with that of the free drug, and the maximum concentration is occurred when 20 nm 
nanocarriers are used to deliver the drug (Fig. 3C). Low rate of the transmembrane prolongs the internalization 
process of the drug. Figure 3D shows the temporal distribution of the internalized drug in different sizes. As 
expected, the concentration of the internalized drug has the highest value when the anticancer drug is delivered 
by 20 nm nanocarriers; while, the delivery by 100 nm nanocarriers has the lowest intracellular concentration 
(Fig. 3D). Once the drug molecules are internalized to the cellular space, they damage cell organs and cause 
cell-death, due to their high metabolism as well as ignoring the effects of multidrug resistance (MDR). Figure 3E 
shows the fraction of killed cells for different sizes of nanocarriers. It is clear that a high concentration of the 
intracellular drug, in the case of using 20 nm carriers, increases the fraction of killed cells by about 0.77. Addi-
tionally, accumulation of free drugs in the tumor periphery and the proliferative region also causes the cells of 
this region to be more susceptible to death.

Anticancer drugs reach their highest therapeutic potential through enough accumulation in the interstitium 
for a long time and reaching the tumor center to engage the whole tumor. As discussed, the spatial distribution 
of vascular density in tumor determines the extent of local accumulation. Among all types of tumors at any stage 
of their growth, tumors affected by hypoxia suffer from poor vascular density. Figure 4 investigates the effect 
of hypoxic regions on the therapeutic agents’ distribution as well as therapeutic response. Figure 4A shows the 
temporal distribution of nanocarriers in different sizes for three various tumor states affected, respectively 20%, 
50%, and 80% by hypoxia. Results demonstrate that concentration level of the carriers has changed very little 
in all three cases, except for 20 nm in which the concentration level changes very slightly. This phenomenon is 
interpretable according to Fig. 3A, as nanocarriers are mainly concentrated in the proliferative region, where 
there are no hypoxic regions. It should also be noted that the distribution of 100 nm carriers is not influenced by 
80% hypoxic regions in the tumor, because they have very poor penetration depth. Figure 4B shows the spatial 
distribution of carriers, in which concentrations of injected carriers are generally low in central areas of the tumor, 
where hypoxia is considered; however, the concentrations for 50 and 100 nm-sized carriers are much less than 
20 nm. An important point extracted from Fig. 4B is the sharp decrease in the concentration of carriers with 
sizes of 20 and 50 nm in hypoxic regions due to their poor vascular density. However, this phenomenon is not 
observed in 100 nm carriers due to poor penetration.

Given the phenomena that have taken place, it is expected that hypoxic regions have a significant effect only 
on the biodistribution of carriers with a size of 20 nm. Therefore, Fig. 4C shows the temporal distribution of free 
drug, which depends on the distribution of the carrier. It is known that decrease in vascular density as well as 
perfusion caused by hypoxia regions reduces the level of free drug concentration, especially in the case that 80% 
of the tumor has been affected by the hypoxia. As it turned out, hypoxic regions reduce the depth of penetration; 
so, less tumor volume is exposed to the drug, leading to a reduction in the fraction of killed cancerous cells, as 

Figure 2.   Interstitial fluid fields; (A) IFP is quickly dropped at the tumor boundary, while has uniform 
distribution in other areas. IFP prediction in the present model has been compared with Soltani and Chen31 
and Al-Zu’bi and Mohan33 models, showing high compatibility of the results; (B) IFV is rapidly increasing at 
the tumor boundary, while it is minimal in other areas. IFV prediction in the present model has been compared 
with the models of Kashkooli et al.36 and Al-Zu’bi and Mohan33. The discrepancy between the current model 
and other models can be related to the vascular density and vascular distribution.
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Figure 3.   Distribution of therapeutic agents and therapeutic response in a vascularized tumor for three different 
sizes of pH-responsive nanocarriers; (A) Spatiotemporal distribution distribution of responsive nanocarriers in tumor 
interstitium; Smaller nanocarriers have more accumulation in tumor tissue and also have a higher penetration depth, 
(B) Spatiotemporal distribution distribution of free drug in tumor interstitium; The concentration of released free 
drugs from smaller nanocarriers is greater due to the high accumulation of smaller nanocarriers compared to their 
larger counterparts, (C) Temporal distribution of bound drug in tumor interstitium; High accumulation of drugs 
released from 20 nm nanocarriers increases the chance of free drug molecules binding to cell surface receptors, 
(D) Temporal distribution of internalized drug in cellular; Binding of high concentrations of free drug molecules 
to cell surface receptors results in higher concentrations of internalized drug, (E) Fraction of killed tumor cells over 
time; High concentration of internalized drugs increase the fraction of killed cells. Also, due to the accumulation 
of free drug in the periphery of the tumor, the cells in this region have suffered the most damage. ( Cn : Nanocarrier 
concentrations , Cf  : Free drug concentrations , Sf  : Fraction of killed cells).



6

Vol:.(1234567890)

Scientific Reports |        (2021) 11:19350  | https://doi.org/10.1038/s41598-021-98638-w

www.nature.com/scientificreports/

Figure 4.   Influence of hypoxic region on the distribution of therapeutic agents and therapeutic response; (A) 
Temporal distribution of responsive nanocarriers in tumor interstitium; Concentration of smaller nanocarriers 
is higher in tumor tissue, and the increase in the extent of the hypoxic region reduces the concentration, 
especially for small nanocarriers, (B) Spatial distribution of responsive nanocarriers in tumor interstitium; The 
highest concentration of nanocarriers is in the periphery of the tumor, while the hypoxic regions have the lowest 
concentration due to poor perfusion, (C) Temporal distribution of drug released from nanocarriers (20 nm) in 
tumor interstitium; Weaker accumulation of nanocarriers in tumors involving larger hypoxic regions, results 
in lower concentrations of free drug, (D) Fraction of killed tumor cells over time; Due to the fact that the 
concentration of the free drug in hypoxia areas is very low, so the cells in these areas do not suffer from death 
due to anti-cancer drug. ( Cn : Nanocarrier concentration, Sf  : fraction of killed cells).
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shown in Fig. 4D. It is clear that in hypoxic regions where the drug concentration is much lower, the fraction of 
killed cells parameter has also the lowest value. Thus, when 80% of the tumor has been affected by the hypoxia, 
more than 25% of the tumor cells survive compared to the vascularized tumor.

Another important point that can be understood from Figs. 3 and 4 is the explanation of effects of therapeutic 
agents on the host tissue of tumor, which also shows the side effects of drug delivery system. Due to the high 
ratio of the size of the nanocarriers to the vessel-wall pores of normal tissue, permeability value is zero. Hence, 
the free drug released from responsive nanoparticles is not found in the interstitium of normal tissue, just found 
in a narrow layer at the border between normal and tumor tissues. Indeed, therapeutic agents that are pushed 
out from the tumor to the periphery area due to the convection mechanism are found in normal tissue, which 
cannot significantly damage normal tissue.

Conclusions
In this study, using a mathematical model and considering the biological characteristics of tumor tissue ─such 
as the distribution of acidity and hypoxia regions ─, the transport of drug-loaded pH-responsive nanocarriers 
are investigated for the first time. By simulating the extracellular and intracellular concentrations of the antican-
cer drug and considering the association/disassociation of the free drug to the cell-surface receptors as well as 
cellular uptake, drug delivery efficacy is determined through the fraction of killed cells parameter. In this study, 
three pH-responsive nanocarriers ─with sizes of 20, 50, and 100 nm─ have been used to examine their impacts 
on drug delivery. Additionally, the effect of hypoxic regions ─with sizes of 20%, 50%, and 80% of tumor size─ 
on drug delivery is investigated considering different size of carriers. It is found that carriers with a smaller size 
(20 nm), due to high permeability, are able to accumulate higher in the tumor tissue; therefore, the extracellular 
concentration of free and intracellular drugs is high. Thus, it can cause the death of more than 75% of cancer 
cells. However, only 30% of cancer cells are killed in delivery of the drug by 100 nm nanocarriers, due to poor 
accumulation of the free drug which is exchanged between the extracellular and intracellular spaces. Addition-
ally, the study of the effect of hypoxic regions shows that poor perfusion, due to poor vascular density, reduces 
the accumulation of carriers in the tumor interstitium. Hence, if 80% of the tumor affected by hypoxia, 25% less 
cell-death occurs compared to the vascularized tumor. This is true for 20 nm nanocarriers, because they have a 
greater penetration depth compared to other investigated sizes. The proposed in silico study can help optimize 
and develop pH-sensitive drug delivery systems by considering the characteristics of TME. Therefore, by reduc-
ing clinical trials and the number of animals used in biomedical studies, researchers can save both time and cost.

Method
Mathematical model.  The mathematical model of drug delivery consists of:

(i) Mass and momentum conservations for interstitial fluid flow to obtain IFP and IFV;
(ii) Mass transport for pH-responsive nanocarriers;
(iii) Mass transport for the free, bound, and internalized drug; and.
(iv) Fraction of killed cells parameter which is calculated based on intracellular drug concentration.

The dynamic process in drug delivery includes nanocarrier exchange between blood microvessels and inter-
stitium, drug release in interstitium, and association/disassociation of drug with receptors of the cell-surface at 
the rate constants of KON and KOFF , respectively. Besides, the last stage is the influx of drugs from extracellular 
space to cancer cells. In the present study, a multi-compartmental model has been used for mathematical mod-
eling, which enables quantifying the biochemical and physiological phenomena. In compartment models, the 
distribution of drugs in each compartment is dependent on both spatial and temporal variations. The general 
block diagram of the current study considering nanocarriers and chemotherapeutic drugs is shown in Fig. 5.

In the present study, the binding of the drug to the protein in the interstitium was neglected according to the 
high binding affinity 

(KON/KOFF)
 of the drug to cell-surface receptors. Additionally, at neutral pH, the drug 

release rate is considered zero; so, there is no free drug in the circulatory system and microvascular network. 
The relation between release percentage and time of exposure is found to follow the first-order kinetics repre-
sented as9,37:

 where Rc and %R(t) are the total percentage of drug released at a given pH level and the percentage of drug 
released at exposure time t  , respectively. This equation is used to fit experimental data obtained in the pH range 
of 6 to 7.238 and curve fitting for drug release at pH of 6.2 and 7.2, as shown in Fig. 6.

From the best curve fitting results, release rates at different pH values in the range of 6.2 to 7.2 are summarized 
in Table 1. Linear interpolation is performed to obtain the release rate at pH value between the listed pH points.

According to the physics of biological tissues, tissue is considered as a porous environment; so, the Darcy 
law is employed to solve the fluid flow in tissue. Accordingly, the fluid flow in interstitium can be defined as39:

 where vi and Pi denoted IFV and IFP, respectively.κ is defined as k/µ that denoted the coefficient of interstitial 
hydraulic conductivity. Additionally, k and µ illustrates permeability of tissue and the dynamic viscosity of 
fluid, respectively. Assuming the existence of source and sink terms in tissue due to the blood microvessels and 
lymphatic drainage system, the continuity equation is corrected as31:

(1)%R(t) = Rc(1− exp(−krelt))

(2)vi = −κ∇Pi
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Figure 5.   A schematic of drug transport in the vascular, interstitium, and intracellular spaces along with 
its compartmental representation. ( C0 : Initial concentration , Cp : Vascular concentration , Cn : Nanocarrier 
concentration, Cf  : Free drug concentration, Cb : Bound drug concentration, Ci : Intracellular concentration, krel : 
Constant of the drug release , kON : Rate of association of drug with receptors of the cell-surface, kOFF : Rate 
of disassociation of drug with receptors of the cell-surface, kINT : Constant of cellular uptake,ϕV : Rate of drug 
transport per unit volume through the microvessels into the interstitium).

Figure 6.   Drug release at (A) pH = 6.2; and (B) pH = 7.2. Experimental data extracted from the literature38.



9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:19350  | https://doi.org/10.1038/s41598-021-98638-w

www.nature.com/scientificreports/

 in which ∅V is the fluid flow rate from the microvascular network to the interstitial space and ∅L is the fluid 
flow rate from interstitial space to lymphatic microvessels, defined as31:

In which S/V is the surface area per unit volume of capillaries that its value varies for tumor tissue depend-
ing on the location. LPL( S

V )
L
 is the lymph filtration coefficient and PL is lymph hydrostatic pressure. Lymphatic 

drainage system is just considered in normal tissue based on the literature31,39,40.
To reach tumor site, the nanocarriers and its therapeutic agents can be existed in various forms as: nanocarri-

ers in the interstitial space ( Cn ), free drugs in the interstitial space ( Cf  ), bound drugs ( Cb ), and internalized drugs 
to cells ( Ci)41,42. Systemically administered drug-loaded nanocarriers are transported to tumor sites through the 
circulatory system, undergo transvascular extravasation followed by distribution in the interstitium, release their 
cargo in interstitium, and then binding to cancer cells and cellular internalization are happened. For transport 
of nanocarriers containing chemotherapeutic agents, the system of equations is adjusted thus43:

 where Krel , Dn , Df  , Crec , and KINT are respectively the constant of the drug release rate from the carrier, the car-
rier diffusion coefficient, the free drug diffusion coefficient, concentration of cell-surface receptors, constant of 
cellular uptake rate. α is the number of chemotherapy agents contained in the nanocarrier. In the present study, 
it is assumed that the number of drugs molecule loaded for nanocarriers in different sizes (20–100 nm) is equal, 
so the α parameter for each is considered 20.

In Eq. (5), ϕV is the rate of drug transport per unit volume through the microvessels into the interstitium and 
ϕL is the rate of drug transport per unit volume from the interstitium into the lymph system. ϕV is described, 
due to pore model, as36,42:

 where σf ,CP , and Pn are the filtration reflection coefficient, the injected drug concentration, and is the vascular 
permeability coefficient, respectively. Pe is the Peclet number, illustrating the convection transport rate to the 
diffusion transport rate. ϕL has been assumed to be as follow36,42:

A bolus injection of drug-loaded pH-responsive nanocarriers, representing the vascular concentration, is 
defined as44:

where C0 and Kd are the initial concentration and blood circulation decay constant, respectively.

(3)∇ • vi = ∅V −∅L

(4)∅V =
LPS

V
(Pv − Pi − σs(πB − πi))

(5)∅L = LPL(
S

V
)
L
(Pi − PL)

(6)
∂Cn

∂t
= −vi∇Cn + Dn∇

2Cn − KrelCn + (ϕV − ϕL)

(7)
∂Cf

∂t
= αKrelCn − vi∇Cf + Df∇

2Cf −
1

ϕ
KONCrecCf + KOFFCb

(8)
∂Cb

∂t
=

1

ϕ
KONCrecCf − KOFFCb − KINTCb

(9)
∂Ci

∂t
= KINTCb

(10)ϕV = ∅V

(

1− σf
)

CP +
PnS

V
(CP − Cn)

Pe

ePe − 1

(11)Pe =
∅V (1− σf )

PnS/V

(12)ϕL = ∅LCn

(13)CP = C0exp(−t/Kd)

Table 1.   Release rates at various pH levels.

pH 6.2 6.4 6.6 6.8 7 7.2

krel[1/s]
5.71× 10

−5
5.59× 10

−5
5.48× 10

−5
5.37× 10

−5
5.26× 10

−5
5.15× 10

−5



10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:19350  | https://doi.org/10.1038/s41598-021-98638-w

www.nature.com/scientificreports/

Fraction of killed cells.  The anticancer effects is determined by the fraction of killed cell parameter using 
an empirical equation for drug doxorubicin45. The fraction of killed cells, which depends on Ci, is obtained as46:

In which ω is a fitting parameter determined for doxorubicin based on the experiments47.
Table 2 demonstrates the interstitial transport parameters for both tumor and healthy tissues. Moreover, 

Table 3 illustrates both the nanocarriers and doxorubicin transport parameters for tumor and healthy tissues.

(14)Sf = 1− exp(−ω • Ci)

Table 2.   Parameters of interstitial fluid transport.

Parameter Unit Description Value Ref

Pv Pa Vascular fluid pressure
2080 (Normal)

44

2080 (Tumor)

πv Pa Oncotic pressure of microvessels
2666 (Normal)

31

2666 (Tumor)

πi Pa Oncotic pressure of interstitium
1333 (Normal)

31

2000 (Tumor)

σs - Average coefficient of osmotic reflection
0.91 (Normal)

31

0.82 (Tumor)

Lp m/Pa • s Hydraulic conductivity of the microvessel wall
2.1× 10

−11 (Normal)
31

2.7× 10
−12 (Tumor)

LPL(
S
V )

L 1/(Pa · s) Lymphatic filtration coefficient
4.17× 10

−7 (Normal)
36,44

0 (Tumor)

κ cm2/(mmHg · s) Hydraulic conductivity of interstitium
8.53× 10

−9 (Normal)
36,44

4.13× 10
−8 (Tumor)

PL Pa Hydrostatic pressure of lymph microvessels 0 36,44

Table 3.   Parameters for nanocarriers and doxorubicin transport.

Parameter Unit Description Value Ref

Pn m/s Vascular permeability of nanocarriers

20 nm 4.6× 10
−10 (Tumor)

48,4950 nm 7.38× 10
−11 (Tumor)

100 nm 5.44× 10
−12 (Tumor)

Dn m2/s Diffusion coefficient of nanocarriers

20 nm 7× 10
−12 (Tumor)

48,4950 nm 4.4× 10
−12 (Tumor)

100 nm 2.2× 10
−12 (Tumor)

σf Reflection coefficient

20 nm
0.043 (Tumor)

48,49

1 (Normal)

50 nm
0.227 (Tumor)

1 (Normal)

100 nm
0.634 (Tumor)

1 (Normal)

Kd min Blood circulation decay constant

20 nm 1320
48,4950 nm 1096

100 nm 600

Df m2/s Diffusion coefficient of free drug
1.58× 10

−10 (Normal)
48,49

3.4× 10
−10 (Tumor)

KON m3/(mole • s) Binding rate constant 300 48,49

KOFF 1/s Unbinding rate constant 8× 10
−3 48,49

KINT 1/s Internalization rate constant 5× 10
−5 48,49

φ - Tumor volume fraction available to drugs 0.05 48,49

Crec M Concentration of cell-surface receptors 1× 10
−5 48,49

ω m3/mole Survival constant of cancer cells 0.6603 48,49
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Solution strategy and boundary conditions.  In this study, a solid tumor with a radius of 1 cm is con-
sidered within a normal tissue that is 3 times the tumor tissue. The computational domain is considered as a 
2D-axisymmetric geometry. The boundary conditions of this study are mentioned in Table 4. For solving this 
problem, there are two different steps including steady-state and time-dependent. By solving Darcy’s law in the 
steady-state step the IFP and IFV are obtained. Afterward, time-dependent solute transport equations are solved. 
The coupled nonlinear set of the above-mentioned governing equations and also the boundary conditions are 
assessed through the finite element method. The simulation is performed using the commercial finite element 
software COMSOL Multiphysics 5.5 (COMSOL, Inc., Burlington, MA, USA). A segregated approach is applied 
to solve the equations with the time-step of 0.1 s and relative tolerance of 0.001. Time of analysis for nanocarrier-
mediated drug delivery are considered as 240 h.

Data availability
All data used for this study are available from the author upon request.
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