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Viscosity Enhanced Release (VER) Effect in
Nanoporous Drug Delivery Systems: Phenomenon
and Mechanism

Di-Wei Zheng,*“’b Jiang-Lan Li," Cao Li,” Zu-Shun Xu," Si-Xue Cheng® and Xian-
Zheng Zhang®

High viscosity is important for normal intracellular homeostasis. In this study, nanoporous
drug delivery systems (DDSs) including mesoporous silica nanoparticles (MSNs) and layer by
layer (LBL) microcapsules with a viscosity enhanced release (VER) effect were designed and
prepared, and their drug release behaviors in a sticky environment with high viscosity were
investigated, using Rhodamine B, methylene blue and doxorubicin (DOX) as model drugs.
Results showed that the drug release rate from DDSs in biomimetic high viscosity solution was
7-8 times higher than that in water. A semipermeable membrane model was used to explain the
VER effect. The result indicated that the existence of macromolecules in release medium
caused VER effect. The VER effect found in this study would provide a new concept to guide

the design of DDSs in a high viscosity environment in vivo.

Introduction

High viscosity is the nature of living organism. Due to the
high concentration of macromolecules such as polysaccharides,
lipids, proteins and nucleic acids, the viscosity of intracellular
environment is very high. The high-viscosity systems usually
have a chaotic and unstable nature,' which is trendy to present a
dramatic deviation from low-Reynolds-number systems.”> Due
to the turbulent nature of biofluid,” it is important to move the
research object of the release media for drug delivery systems
from classical low-viscosity (LV) simplified systems to high-
viscosity (HV) biomimetic systems. However, studies in drug
release in micro- and nano-scaled systems in organism with a
chaotic nature are very limited.

Developing various drug delivery systems is one of the most
exciting research fields in micro- and nanotechnology.*® With
the help of DDSs, drugs can be delivered to particular sites by
active targeting and passive targeting.” However, the drug
release behavior was usually studied in low viscosity systems
such as water or serum containing media. Since the chaotic and
unstable nature of HV systems may create some distinct
phenomena which are much different from conventional LV
systems. As a result, to study the drug release for in vivo
applications, it is essential to use HV release media to mimic
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the cellular microenvironment. According to literatures, blood
has a viscosity of 4 cp,® cell membrane has a viscosity of 90
cp,’ lysosome has a viscosity of 67 cp,'’ cytoplasm has a
viscosity of 80 cp and extracellular matrix has a viscosity as
high as 540 cp,'' which is about 540 times higher than that of
water (1 cp at 20 °C). The high viscosity may suppress the
diffusion process of molecules, and affect the release behavior
of drug delivery systems.

To our knowledge, the behavior of DDSs in HV solutions has
never been studied previously. In this study, the drug release
based on mesoporous silica nanoparticles and layer by layer
assembly microcapsules were investigated in the release media
with different viscosity values. An interesting phenomenon was
observed, i.e., the drug release rate from mesoporous silica
nanoparticles in a biomimetic HV solution with the same
viscosity of lysosome and cytoplasm was 7 times higher than
that in a LV solution and the variation trend of the release with
the viscosity increased initially and decreased later. Similar
finding can also be observed for layer by layer (LBL)
microcapsules, which indicated that such a release pattern is
Due to the
similarities of DDSs we studied and dialysis bags, a
semipermeable membrane model was used to explain the effect

common among nano- and micro-carriers.
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of concentration gradient on the release rate and this viscosity
enhanced release effect (VER effect).
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Fig. 1 Viscosities of extracelluar matrix and different parts of

the cell.

Experimental section

Materials

Polyallyamine hydrochloride (PAH, M,~15000) and
Rhodamine B were purchased from Sigma Aldrich. Poly
(styrenesulfonic acid sodium salt) (PSS, M,, ~70000) was
purchased from J & K Chemical Ltd. Calcium chloride (CaCl,),
potassium carbonate (K,CO3), f-cyclodextrin (5-CD), p-methyl
benzene sulfonic chloride (p-TsCl), aceton, methanol,
trimethylamine (TEA), dimethyl formamide (DMF), sodium
hydroxide (NaOH), hydrochloric acid (HCI), ethylsilicate
(TEOS), hexadecyl trimethyl ammonium bromide (CTAB),
toluene, ethyl acetate, and hydrofluoric acid were purchased
from Shanghai Reagent Chemical Co. (China). Dextran (M,
~70000), methacrylic acid (MAA), p-aminoazobenzene,
acryloyl chloride, azodiisobutyronitrile (AIBN), periodate
potassium (KIO,), ethanediamine (EDA), ethylene diamine
tetraacetic acid (EDTA), methylene blue and hydroxy ethyl
cellulose (HEC) were purchased from Aladdin Industrial
Corporation. Toluene, DMF and MAA were redistilled before
used. Doxorubicin (DOX) was purchased from Zhejiang Hisun
Pharmaceutical Co. (China). Other reagents were purchased
from Shanghai Reagent Chemical Co. (China) and used as
received.

Synthesis of mesoporous silica nanoparticles (MSNs)

Mesoporous silica nanoparticles were synthesized according
to our previous works.'? Briefly, 1.0 g of CTAB and 280 mg of
NaOH were dissolved in 480 mL DI water and heated to 80 °C.
Then 5.0 g of TEOS was added dropwise to the solution under
vigorous stirring for about 20 min. The reaction mixture was
stirred vigorously at 80 °C for 2 h. The resulting product was
centrifuged (10000 r/min, 15 min), washed with water and
methanol for three times and dried under vacuum. The obtained
MSNs were characterized by transmission electron microscopy
(TEM, JEOL-2100, Japan). A mixture of 200 mg of MSNs, 80
mL of methanol and 5 mL of HCI (37.4%) was refluxed at 80
°C for 48 h to remove the CTAB. Then the resulting product
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was centrifuged (10000 r/min, 15 min), washed with methanol
and water for several times, and then dried with a freeze dryer.
After that, 100 mg of MSNs was suspended in a mixture of 5
mL of methanol and 5 mL of DI water. 25 mg of Rhodamine B
was added followed by a stirring for 24 h. The product was
washed with methanol and water, then lyophilized for 3 days to
obtain a white powder. The synthesis of methylene blue and
DOX loaded MSNs were prepared with the same way.

Synthesis of dextran-graft-f-CD (Dex-g-f-CD)

Dex-g-f-CD was synthesized according to our previous
works."? 10 g of f-CD (8.81 mmol) was dissolved in 300 mL of
0.4 M NaOH solution with a vigorous stirring. Then, 15 g of p-
TsCl (72 mmol) was added slowly (1 g/min) under ice-bath.
After a vigorous stirring for about 1 h under ice-bath, the
suspension was filtered. Then HCl was added to the filtrate
solution until pH value was adjusted to 5~6. The solution was
kept at 4 °C overnight. The precipitate was collected by
filtration and washed with acetone for three times. In order to
remove unreacted p-TsCl and S-CD, the crude product was
recrystallized at 80 °C for three times. After being dried at 50
°C for 48 h under vacuum. Then 5.0 g of OTs-B-CD (3.88
mmol) was added in 30 mL of ethylenediamine, the reaction
was kept at 80 °C for 12 h. The resultant solution was cooled to
room temperature and poured in a large amount of ethanol. The
precipitate was dissolved in water/methanol (3:1 v/v).
Precipitation and dissolving procedures were repeated twice to
wash the product sufficiently. Then, the product was dissolved
in water and lyophilized for 3 days. A total weight of 1.00 g of
dextran (6.28 mmol of repeat unit) was dissolved in 40 mL of
DI water. Then, the solution was protected with N, for 30 min.
After that, 0.140 g of KIO,4 (0.628 mmol, 10% of dextran repeat
unit) was added. The mixture was stirred at 25 °C for 12 h
under a N, atmosphere. Then, the solution was precipitated by
methanol and the white precipitate was collected, followed by
24 h of vacuum drying. After that, 0.5 g of polyaldehyde
dextran (PAD) (3.09 mmol of repeat unit) was dissolved in 30
mL of DI water and the solution was purged with N, for 30
min. After that, 20 mL of EDA-5-CD (0.544 g, 15% of PAD
repeat unit) solution was added. The mixture was stirred at 30
°C for 24 h under a N, atmosphere. f-CD was grafted to
dextran with the pH-sensitive Schiff’s base. Then the product
was dialysized (MWCO: 8000-12000 Da) against DI water for
6 days and then lyophilized for 3 days to obtain the Dex-g-f-
CD.

Synthesis of azobenzene grafted polymethylacrylic acid (PMAA-
g-Az0)

4-Phenylazophenylacrylamide was synthesized according to
the literature.'"* 1.60 g of 4-aminoazobenzene (8 mmol) and
1.46 mL of triethylamine (10.4 mmol) were dissolved in 40 mL
of tetrahydrofuran. 0.8 mL of acryloyl chloride (9.5 mmol) was
dissolved in 15 mL of tetrahydrofuran and added dropwise
while stirring at 0 °C in a nitrogen atmosphere. Then, the
reaction mixture was stirred for 4 h at room temperature. After
that, the product was filtered and washed 3 times with water to
remove triethylammonium chloride. The product was obtained
by evaporating the solvent (1.49 g, 5.93 mmol).Finally, the
product was dried under vacuum.

100 mg of AIBN (0.6 mmol), 0.77 g of MMA (7.69 mmol)
and 0.56 g of 4-phenylazophenylacrylamide (2.83 mmol) were
dissolved in 7.5 mL of DMF. The nitrogen flow was maintained
for 20 min before heating. The solution was protected in a N,
atmosphere with stirring at 65 °C for 24 h. Followed by a

This journal is © The Royal Society of Chemistry
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alkaline wash (sodium carbonate, pH=9) and PMAA-g-Azo
was dissolved in the NaOH solution with pH value of 9, and
then dialysized (MWCO: 3500 Da) against water with pH of 8
for 6 days. After that, the product was lyophilized for 3 days to
obtain orange solid PMAA-g-Azo.

a

OH
OH o0
oM, ol -0 EDA- 0%
KIO, 0o -CD OH OH | ﬁ
OH OH OH OH || ﬁ o [N L m
h | 0 ©oH H
n+m m N

Dextran PAD g.?ég coon
b NH o= okl Nn Om
NH NH
Acryloyl AIBN,MAA ©
chloride
Azo 4-Phenylazo- PMAA-g-Azo

phenylacrylamide
Scheme 1. Synthesis routes of a) Dex-g-#-CD and b) PMAA-g-
Azo.

Fabrication of LBL microcapsules

Calcium carbonate microspheres as the templet for LBL
microcapsules were prepared according to the previous
literature.'® Briefly, 0.228 g of K,CO; and 10 mg of PSS were
dissolved in 5 mL of water. Then 0.183 g of CaCl, and 5 mg of
Rhodamine B were dissolved in 5 mL of water. CaCl, solution
was added in K,COs; solution under a vigorous stirring for 30
seconds. Then the emulsion was stood for 2 minutes. Calcium
carbonate microspheres were collected by centrifuge. The
morphology of microspheres was characterized by scanning
electron microscope (SEM).

In addition to the electrostatic force, the host-guest interaction
between f-CD and azobenzene was also used as a driving force
to build the LBL microcapsules. To achieve a positive charge
surface, 100 mg of CaCOj; microspheres were dispersed by 1
mL of PAH polycation solution (1 g/L). Then the suspension
was shaken constantly for 15 min to get a PAH layer. After
adsorption, the particles were isolated by centrifugation (2500
rpm for 3 min), followed by washing with 2 mL of DI water
thrice. Then, 1 mL of PMAA-g-Azo solution was added and
shocked for 15 min. The product was centrifuged and washed
with DI water thrice. The LBL process was repeated to get
PAH(PMAA-g-Azo/Dex-g-f-CD)10 multilayer films. Then 1
mL of 0.4 M EDTA solution with pH 7.4 was added to remove
the CaCO; core. 2 mL of DI water was used to wash the
product. The procedure was repeated for 3 times. After that,
microcapsules were centrifuged and washed with DI water
thrice and then lyophilized.

Drug loading

LBL microcapsules were damaged by an ultrasonic bath
treatment. 10 mg of MSNs was dissolved in 600 pL of HF and
then diluted with 2 mL of H,O. The amount of Rhodamine B
was measured with a UV-Vis spectrometer.
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Characterizations

Dex-g-f-CD and PMAA-g-Azo were recorded on a Mercury
VX-300 spectrometer at 300 MHz NMR (Varian) by using D,0
and DMSO-d¢ as the solvent. Transmission electron
microscopy (TEM) images were obtained on a JEM-2100
(JEOL) transmission electron microscope. Scanning electron
microscopy (SEM) images were obtained in a JSM6510LV
(JEOL) scanning electron microscopy. Confocal laser scan
microscope (CLSM) images were obtained on a C1-Si (Nikon)
confocal laser scan microscope.

Study on the relationship between viscosity and concentration

Hydroxy ethyl cellulose was used as a thickener. Powder of
HEC was added into the solution slowly, followed by a
vigorous stirring overnight to get solutions with concentrations
of 0.1%, 0.2%, 0.4%, 0.5%, 1.0% and 2.0%. A NDJ-9S
rotational viscometer was used to measure their viscosity.

In vitro drug release at different viscosity values

375 mg of Rhodamine B loaded MSNs or LBL
microcapsules were dissolved in 2 mL of solution with a
particular viscosity (1 cp, 20 cp, 40 cp, 60 cp and 80 cp) in a
dialysis bag (MWCO: 8000-12000 Da). The dialysis bag was
immersed into 200 mL of buffer solution to carry out the in
vitro drug release study. During the release, 4 mL of solution
was withdrawn from the solution periodically. The volume of
solution was held constantly by adding 4 mL of buffer solution
after each sampling. The concentration of Rhodamine B was
measured with a UV-Vis spectrometer (PerkinElmer Lambda
Bio 40) by the absorbance at 543 nm.

In vitro simulation by using dialysis bags

1 mL of Rhodamine B solution with a concentration of 1 g/L
were put into a dialysis tube (MWCO: 8000-12,000 Da)
quickly. Dialysis bags containing 1 mL of Rhodamine B
solution (1 mg/mL) were immersed into 40 mL of HEC
solutions with viscosities of 1 cp, 20 cp and 540 cp,
respectively. After 1 min of co-incubation, the concentration of
Rhodamine B out of the dialysis bag was measured with a UV-
Vis spectrometer.

Results and discussion

Characterization of Dex-g-#-CD and PMAA-g-Azo

Dex-g-f-CD was synthesized from PAD and EDA-4-CD. As
shown in the '"H NMR spectra (Fig. 2), for EDA--CD, peaks
around 0 2 to J 3 were due to the alkyl chain of ethanediamine.
Attribution of hydrogen atoms for cyclodextrin was shown in
the Fig. 2a. For Dex-g-f-CD, peaks appeared at 6 4.9 and 0 2.4.
Peaks appeared at 0 2.6 and J 3.1 were attributed to protons of
positions 4 and 1 of EDA-B-CD. The peak at 6 4.8 was due to
protons of positions 1 which were contributed to an anomeric
carbon atom. There is no peak in § 5.0 to 5.7, indicating that
aldehyde groups of PAD were fully replaced by EDA-S-CD.
Three groups of peaks between J 4.0 and 6 3.2 were attributed
to the proton in positions C2-C6 of dextran.'®

For PMAA-g-Azo shown in Fig. 2b, peaks around 6 1 were
attributed to methyl groups of PMAA. Peaks around J 2 were
due to the alkyl chain of PMAA. Small peaks around 6 7.0~ 8.0
were contributed to the azobenzene.

This journal is © The Royal Society of Chemistry
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Fig. 2 a) '"H-NMR spectra of a) Dex-g-f-CD, and b) PMAA-g-
Azo.

Characterizations of MSNs and LBL capsules

In this study, CaCOj; microspheres as the template for LBL
capsules exhibited a regular spherical shape in the SEM image
(Fig. 3a).As shown in Fig. 3b, the collapsed LBL microcapsules
were observed by TEM exhibited a clear layer structure. Bright
red dots were observed with a confocal fluorescent microscopy
in Fig. 3d. The diameter of about 1~2 um was much closed to
CaCOj3 microspheres. Shown in Fig. 3c, Red fluorescent dots
excited from Rh B with a wavelength of 543 nm laser showed
that Rh B was captured between capsule walls. The result

indicated that microcapsules were prepared successfully.

Mono-dispersed mesopore MSNs with a regular spherical shape
and an average diameter of 130 nm can be observed (Fig. 3d).
The clear mesoporous structure with an average pore size of
about 1~2 nm indicated that CTAB was fully removed.

Fig. 3 Images of microcapsules and mesopore silica
nanoparticles. a) SEM image of CaCOj;templet. b) TEM image
of microcapsules. c¢) Confocal microscope image of
microcapsules. d) TEM image of mesopore silica nanoparticles.

Viscosity-concentration fit curve of HEC solution

A rotational viscometer was employed to measure the
concentration of HEC solutions at 20 °C. It can be observed that

4| J. Mater. Chem. B, 2015, 00, 1-7
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dates plotted for varying viscosity resulted in a universal
quadratic curve (Fig. 4a). A significant quadratic relation was
found between viscosity and concentration. With the increase in
concentration, the derivative constantly increased, which was

due to the polymer chain overlap with each other and the
17,18

hydrodynamic interactions between these polymer coils.

a b
1600
o
< 1200 -
)
w
e 800
2
> 400
0 i L L L
0.0% 0.5% 1.0% 1.5% 2.0%
HEC concentration (%)
c

1ep 3¢
P a0 cp
60 cp
80 cp

Fig. 4 a) Viscosity-concentration curve of HEC. Cumulative drug
release in 5 h of MSNs in the solutions with different viscosities by
using the model drug of b) Rh B, ¢) methylene blue or d) DOX.

In vitro drug release under different viscosities

It is a universal acknowledge that the increase of viscosity
will suppress the diffusion process and reduce the drug release
rate significantly. However, our study suggested that instead of
inhibiting release rate, the HV environment enhanced the
release of Rh B. As shown in Fig. 4b, for 40 cp group, 75% of
drug was released in 6 h, which was approximately 7 times
faster compared to 5% drug release at 1 cp group. However, a
ultra-high viscosity can suppress the diffusion process. These
two factors affect the drug release behavior of DDSs
simultaneously. Under the viscosity of 40 cp, which was closed
to the intracellular viscosity in vivo, the speed of release
achieved its maximum value. Methylene blue, a widely used
photodynamic therapy drug and the anti-cancer chemotherapy
drug DOX were also used as model drugs, the same finding was
observed as shown in Fig. 4c and d. However, this phenomenon
provided a potential passive targeting for intracellular delivery
since  MSNs have an accelerated drug release in the
environment with a viscosity similar to intracellular micro-
environment.

In order to further study this novel phenomenon, the effect of
viscosity on the release rate from LBL microcapsules were also
investigated. As depicted in Fig. 5a, for LBL microcapsules, the
same phenomenon was also observed. The release rate under 40
cp was 8 times higher compared to the control group under 1
cp. The maximum release rate also appeared at around 40 cp
and this coincidence indicated that the VER effect of both
MSNs and LBL microcapsules may be a result of the similarity
related to their nanoporous structures with permselectivity.

To our knowledge, LBL microcapsules have a similarity with
the semipermeable membrane.'® This characteristic has been
used to design “active defense” LBL microcapsules, which
were stuided in our previous work.”> MSNs have mesopores
with a diameter about 1~2 nm which was very close to dialysis
bag with a MWCO of 1~30kDa.?! And for mesopores zeolite

This journal is © The Royal Society of Chemistry
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crystals systems, Hayhurst and Wernickif developed the theory
of membrane permeation to explain the diffusion procedure in
zeolite molecular sieves.”*> Due to the similarity between
zeolite and MSNs or LBL microcapsules, the theory of
membrane permeation can also be applied to MSNs and LBL
microcapsules to explain the VER effect. MSNs have some
feature of semipermeability with the existence of the
nanoporous structure, which exhibited a similarity with
functional semipermeable membrane.”* Nanopores in both
MSNs and LBL capsules made small solutes readily permeate
through the matrices. In contrast, higher molecular weight
solutes diffused restrictily into the matrices due to the small
size of the nanopores. Since HEC chains have a steric
hindrance effect, it is impossible for them to diffuse through the
membrane. A concentration gradient between inner and outer of
carriers was created. This concentration gradient leaded to a
great osmotic pressure and forced loaded molecules diffused
out from DDSs to the solution. However, when the viscosity of
the solution was high enough to inhibit the diffusion process,
the release rate could not further increase. As a result, the rising
of concentration inhibited the release rate of drug and caused a
higher cumulative drug release.?*°

The diffusion process of loaded molecules from DDSs can be
described by the Solution-Diffusion Model?” with the perfect
membrane:
J,=A(AP-Ar) M

where J is the permeate flow of small molecules such as model drugs
or water, A is the small molecules permeability coefficient, AP is the
applied pressure driving force (a function of the feed, concentration
and permeate pressures) and for the DDS, AP =0, Ax is the osmotic
pressure of the solution.

By using Van 't Hoff equation of osmotic pressure:

7 =Cy4RT @)
where 7 is the osmotic pressure, concentrations of drug molecules on
both sides of the semipermeable membrane are equal and Cy is the
concentration of molecules that can hardly pass through the

semipermeable membrane and for drug delivery systems
approximately.
Cy =Chrey 3)

High viscosity can suppress the penetration process™

JW — aLwater g
Hg

where J is the permeate flow of small molecules, o is an empirical
parameter, AP is the applied pressure driving force, pg is the
viscosity of the solution and L"**" is the intrinsic membrane water
permeability. For a steady state process, AP can be considered as
zero approximately®.

the
proportional to the solution viscosity

Since molecules permeability coefficient is inversely

5| J. Mater. Chem. B, 2015, 00, 1-7
2015

Journal of Materials Chemistry B

Cs
Hp 4)

J =Kx

w

where K is a constant, Cg is the concentration of HEC molecule and
ug is the viscosity of the solution.

With the Huggins equation form viscosity-concentration function®,
viscosity (i) can be expressed in terms of a single variable with
concentration as follows:

#y =3.9%10°C,” ~8692.2C, +22.037 5,

in which pg is the viscosity of the HEC solution and c is the
concentration of the HEC solution.

As a result, the permeate flow- concentration relationship can be
expressed as

CB
X
3.9x10°C,* —8692.2C, +22.037

w

(6)

By taking a derivative with respect to concentrations, a
maximum value was found with a concentration of 0.24%. The
corresponding viscosity of this point was about 23 cp. This result
was in a very accordance with our experiment result. These
theoretical calculations proved that the VER effect was attributed to
the selective permeable feature of DDSs and physical properties of
polymer dilute solution. The theoretical calculated results were in
good agreement with our experimental observations.
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v— 60cp

4 80cp

—m—1cp
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A 40cp
~w—60cp |
4 80cp
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s
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o
3
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Fig. 5 Drug release curves of a) LBL
with Rh B, b) MSNs loaded with Rh B.

microcapsules loaded

Macroscopic simulation

With the dialysis bag model, the VER effect was explained
qualitatively. After co-incubation for 1 min, the concentration
of 1 ¢p group was 7.51x107 mol/L and the 20 cp group was
9.7x107 mol/L, which was 30% higher than the LV group. The
result was similar to the previous VER effect in microscale.
This macroscopic phenomenon was mainly due to the higher
concentration of 20 cp group, which led to a higher osmotic
pressure. As a result, Rb molecules diffused through the
dialysis membrane with a mesostructure. However, when the
viscosity reached to 540 cp which was very similar to the
viscosity of extracellular matrix, the high viscosity suppressed
the diffusion process effectively. For 540 cp group, a

This journal is © The Royal Society of Chemistry
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concentration of 3.8x107 mol/L was measured which was
approximately 2 times higher compared to the 1 cp group.

As detailed above, the VER effect observed in the
experiments can be well explained by the theoretical analysis.
The macroscopic dialysis bags experiment provided a
qualitative tendency which fitted the VER effect curve that
initially increased and then gradually declined. This result
indicated a high probability that the increase of concentration
gradient controlled the release rate of DDSs with a selective
permeable feature. However, when the viscosity was high, the
process of diffusion was suppressed. The competition between
these two factors resulted in the highest drug release rate in a
viscosity close to intracellular environment.

However, since the intracellular viscosity is mainly due to the
high concentration of macromolecules such as polysaccharides,
lipids, proteins and nucleic acids.’' The concentration of these
biomacromolecules in cells is about 300-400 g/L.*?
Consequently, the VER effect can be adapt to the real micro-
environment in intracellular level. In addition, the VER effect
provides a strategy for intracellular targeting drug delivery to
minimize the drug leakage during blood circulation and to
avoid serious side effects.®> These systems could encapsulate
the drug in the blood whereas allow the explosive drug release
after enter into cells once accumulating in the tumor site. Since
the blood viscosity value around solid tumor is 2 times higher
than that in nomal blood vessel with same red blood cell
hematocrit.>* As a result, the VER effect is also a potential
exploitation for the treatment of cancer. Compared with other
targeting strategy, the simplicity and high efficiency of VER
effect may provide a great potential for clinic applications.

751 xX107M 9.71X10"M

3.8X10"M

Fig. 6 Rb release from dialysis bags immersed in the media with
different viscocities: 1 cp, 20 cp and 540 cp. Rb concentrations out
of the dialysis bags were 7.51%107 mol/L, 9.7*107 mol/L and
3.8*107 mol/L, respectively.

Conclusions

In summary, we have demonstrated a novel VER effect with
both experimental test and theoretical analysis. The highest
release rate from MSNs and LBL microcapsules was found to
be achieved in the release medium with a viscosity of 40 cp,
which is similar to the lysosome and cytoplasm. On the basis of
the molecular diffusion equation, Fick's first law of diffusion
and Huggins equation, a mathematical model was established.
These results were consistent with the fact that reasonable high
viscosity of solution produced faster drug release at a

6| J.Mater. Chem. B, 2015, 00, 1-7
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microenvironment with the viscosity similar to the intercellular
microenvironment for drug delivery system like MSNs and
microcapsules. The VER effect is of importance for DDSs
design. The DDSs developed based on the VER effect may
have a great potential in clinical applications.
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Graphic Abstract

Viscosity Enhanced Release (VER) Effect in Nanoporous Drug Delivery Systems:

Phenomenon and Mechanism
Di-Wei Zheng, Jiang-Lan Li, Cao Li, Zu-Shun Xu, Si-Xue Cheng and Xian-Zheng Zhang

Nanoporous drug delivery systems (DDSs) including mesoporous silica nanoparticles
(MSNs) and layer by layer (LBL) microcapsules with a viscosity enhanced release
effect (VER effect) were demonstrated, and their drug release behaviors in a sticky
environment with high viscosity were investigated.
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