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Microcapsules made of polyelectrolyte multilayers exhibit no or low toxicity,

appropriate mechanical stability, variable controllable degradation and can

incorporate remote release mechanisms triggered by various stimuli, making

them well suited for targeted drug delivery to live cells. This study investigates

interactions between microcapsules made of synthetic (i.e. polystyrenesulfo-

nate sodium salt/polyallylamine hydrochloride) or natural (i.e. dextran

sulfate/poly-L-arginine) polyelectrolyte and human umbilical vein endothelial

cells with particular focus on the effect of the glycocalyx layer on the intake of

microcapsules by endothelial cells. Neuraminidase cleaves N-acetyl neura-

minic acid residues of glycoproteins and targets the sialic acid component of

the glycocalyx on the cell membrane. Three-dimensional confocal images

reveal that microcapsules, functionalized with neuraminidase, can be interna-

lized by endothelial cells. Capsules without neuraminidase are blocked by the

glycocalyx layer. Uptake of the microcapsules is most significant in the first

2 h. Following their internalization by endothelial cells, biodegradable

DS/PArg capsules rupture by day 5; however, there is no obvious change in

the shape and integrity of PSS/PAH capsules within the period of observation.

Results from the study support our hypothesis that the glycocalyx functions as

an endothelial barrier to cross-membrane movement of microcapsules.

Neuraminidase-loaded microcapsules can enter endothelial cells by localized

cleavage of glycocalyx components with minimum disruption of the glyco-

calyx layer and therefore have high potential to act as drug delivery vehicles

to reach tissues beyond the endothelial barrier of blood vessels.
1. Introduction
There has been growing interest over the past decades in exploiting micro-sized

vehicles to carry, target and confer controlled release of substances. However,

delivering desired drugs by microcontainers to live cells remains a challenge in

material science. Various drug delivery systems have been developed for specific

biomedical applications. They deliver a defined quantity of a therapeutic payload

to a specific target site or tissue, and can allow a controlled release rate, with

or without an external trigger mechanism [1], such as ultrasound or light [2,3].

Micro-sized capsules, with a controlled delivery rate and pre-designated release

sites, have been introduced as potential drug-containing vehicles [4–7]. The

layer-by-layer (LbL) technique, based on the sequential adsorption of oppositely

charged polymers on a charged substrate, has been developed to construct these

microcapsules [8,9]. Oppositely charged proteins and polyelectrolytes are sequen-

tially absorbed onto a charged template by electrostatic attraction [10], resulting in

complex formation between polyanions and polycations of defined thickness.

Empty capsules can be obtained after decomposing the template. The size and

morphology of the microcapsules, the polyelectrolytes and thickness of the

shell, the permeability and release-activation mechanism, can be controlled

with the LbL method [11].
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Recently, a number of natural polyelectrolytes and polypep-

tides have been used to fabricate biodegradable microcapsules.

These capsules have been successfully internalized by several

phagocytic cells such as cancer and immune cells [12,13].

So far, there has been no published report on the uptake of

microcapsules by non-phagocytic cells. In this study, we inves-

tigate the interaction between microcapsules and vascular

endothelial cells, and the role of the cell membrane glycocalyx

layer in the internalization of microcapsules.

Endothelial cells line the luminal surface of blood vessels

and are in direct contact with the circulating blood. They play

a significant role in homeostasis, vascular regulation, blood

cell activation and migration in physiological and pathologi-

cal conditions [14,15]. The glycocalyx is a brush-like structure

on the luminal surface of endothelial cells, and contains pro-

teoglycans, glycosaminoglycans and glycoproteins [16]. The

thickness of the glycocalyx layer ranges between a few hun-

dred nanometres to a few micrometres [17]. Neuraminidase,

an enzyme that cleaves N-acetyl neuraminic acid residues

of glycoproteins and targets specifically the sialic acid com-

ponent of the endothelial glycocalyx, is commonly used to

manipulate the structure of the glycocalyx [18].

The aim of this study is to investigate the role of the glyco-

calyx on transmembrane movement of microcapsules in vitro
using human umbilical vein endothelial cells (HUVECs).

Microcapsules that are loaded with neuraminidase are fabri-

cated in our laboratory. This enables localized degradation

of the endothelial glycocalyx when microcapsules come into

contact with the endothelial cell membrane. In the study, we

investigate the encapsulation efficiency of neuraminidase and

its release rate. Comparisons between neuraminidase-loaded

microcapsules and control microcapsules were carried out. Fur-

thermore, we investigated the degradation rate of DS/PArg

microcapsules after their internalization in HUVECs.
2. Material and methods
Materials were purchased from Sigma-Aldrich: polystyrenesulfo-

nate sodium salt (PSS), Mw ¼ 70 k; polyallylamine hydrochloride

(PAH), Mw ¼ 56 k; dextran sulfate sodium salt from Leuconostoc
spp. (DS), Mw ¼ 100 k; poly-L-arginine (PArg), Mw ¼ 15–70 k;

neuraminidase from Clostridium perfringens; type V, lyophilized

powder; ethylenediaminetetraacetic acid (EDTA); tetramethylrho-

damine isothiocyanate–dextran (TRITC–dextran), Mw ¼ 65–85 k;

wheatgerm agglutinin (WGA–FITC); Hoechst 33342. From

Invitrogen: cell tracker red CMTPX. All chemicals were used as

received without additional purification.

2.1. Microcapsules preparation
Calcium carbonate (CaCO3) microparticles are more biocompatible

than other templates for LbL encapsulation of proteins and enzymes

[19]. The template core of CaCO3 was fabricated by mixing

0.33 M CaCl2 and equal volume of 0.33 M Na2CO3 solution into a

beaker with stirring for 30 s at room temperature [20]. Subsequently,

the solution was collected into tubes, and three centrifugation and

washing steps were applied with Milli-Q water in order to remove

residual salts and unreacted pieces. Spherical-shaped CaCO3 micro-

particles with a uniform, average diameter of approximately 4 mm

were obtained. The porosity of CaCO3 particles provides a large sur-

face area, and has the ability to capture macromolecules effectively.

A method of pre-loading (see [19] for details) was performed

for TRICT–dextran encapsulation. About 0.5 mg ml21 of TRICT–

dextran (red stain for visualization purpose) was premixed with

CaCl2 or Na2CO3 aqueous solutions; protein was captured by
co-precipitation during the process of growing CaCO3 micro-

spheres. For neuraminidase-loaded microcapsules, 2 mg ml21

neuraminidase was also encapsulated by the pre-loading method.

The alternating adsorption of polyelectrolytes onto the sur-

face of CaCO3 particles was produced by immersing the

particles into 2 mg ml21, oppositely charged, polymer solutions,

with 0.5 M sodium chloride at a pH between 5 and 7. The poly-

electrolyte absorption time required was at least 15 min with

continued shaking in order to fully cover the core particles sur-

face. After each layer had been absorbed, core particles were

centrifuged and washed with Milli-Q water three times to

remove the uncoated polymer. Particle aggregation may occur

during the process. A 10 s period in an ultrasonic bath was intro-

duced to reduce the aggregation of the particles. After the

desired number of capsule layers had been coated, CaCO3 tem-

plate core particles were dissolved by adding 0.2 M EDTA at

pH 7 three times. The capsules were then centrifuged and

washed three times with Milli-Q water.

Previously, we have tried microcapsules with a different

number of layers as a means to adjust the release rate of the encap-

sulated substance [21]. With more layers, the capsule wall is thicker

and less permeable. Capsules also become more rigid, making

them less favourable for cell uptake. In this study, four-layered cap-

sules were fabricated and used, i.e. (PSS–PAH)2 and (DS–PArg)2

microcapsules. They were seen to have a uniform size and shape,

with the average diameter of approximately 4 mm.

2.2. UV2vis spectroscopy
A UV2vis spectrophotometer (LAMBDA 950, Perkin-Elmer)

was employed to measure neuraminidase concentration in an

aqueous solution with UV–quartz glass cuvette. Intensity at

280 nm wavelength was used to measure neuraminidase concen-

tration in an aqueous solution, and calibration curves were

performed using the intensity of neuraminidase solutions of

known concentration.

2.3. Zetasizer nano
Zeta potential measurements of capsules were carried out in

water using a Zetasizer nano system (Malvern Instruments,

Germany). The measured potential values are given in appendix.

2.4. Cell culture and cell proliferation
HUVECs (primary pooled) were commercially sourced (Lonza

Cologne AG, Germany). They were thawed and cultured in the

M199 medium (Gibco) in collagen type-I-coated flasks

(5 mg ml21) at 378C and 5% CO2. The culture medium contains

10% fetal bovine serum, EC growth factor-b (1 ng ml21), EC

growth supplement from bovine neural extract (3 mg ml21), thymi-

dine (1.25 mg ml21), heparin (10 mg ml21), penicillin (100 U ml21),

streptomycin (100 mg ml21). All supplements were from Sigma-

Aldrich. The medium was changed every 2 days. After reaching

80% confluence, HUVECs were treated with 0.25% trypsin, con-

taining 0.02% EDTA, and cells were split and re-seeded on

collagen type-I-coated glass slides [22].

2.5. Immunofluorescence staining
HUVECs on coverslips were stained as follows: wheatgerm agglu-

tinin (WGA–FITC) was used to bind to N-acetyl-D-glucosamine

and sialic acid component of the glycocalyx; the endothelial cyto-

plasm was stained by cell tracker red CMTPX, and cell nuclei were

stained using Hoechst 33342. Samples were briefly washed three

times using the serum-free M199 medium before each staining

step. WGA–FITC and cell tracker red were applied to live cells

for 15 min at 378C before Hoechst 33342 was applied for 10 min.

Cells were washed and immersed in culture medium containing
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Figure 1. Three-dimensional confocal images of HUVECs. (a) Control, (b) neuraminidase-treated. The main panel shows the enface image at a given z-depth. The
bottom and side panels show the x – z and y – z cross-sectional images, respectively. Scale bar in the main panel, 10 mm, and scale bar in the bottom and side
panels, 8 mm.
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10% serum immediately after staining, and were kept in the culture

medium with serum during confocal observation.

2.6. Enzyme treatment using neuraminidase
Neuraminidase-treated samples were prepared according to the

protocol by Barker et al. [18] as in previous studies [22,23].

HUVECs samples were gently washed with serum-free M199

medium twice before they were incubated with 1 mg ml21 neur-

aminidase medium for 10 min at 378C. They were then stained

and observed under the confocal microscope.

2.7. Confocal laser-scanning fluorescence microscopy
Confocal laser-scanning fluorescence microscopy (CLSM) images

were captured with a Leica TCS SP2 inverted confocal micro-

scope system (Leica, Germany). It is equipped with a 63� oil

immersion objective lens that has a numerical aperture of 1.20.

Ar–ion (488 nm) and He–Ne (543 nm) lasers as well as ultra-

violet–visible infrared light (350 nm) were used as excitation

sources to the fluorophores stained in the sample.
3. Results and discussion
3.1. Cleavage of the glycocalyx by neuraminidase
Different enzymes are able to cleave different components of

the glycocalyx. Protocols for enzymatic treatments have been

studied in a number of previous investigations [18]. In this

study, we first established that neuraminidase abolishes the

glycocalyx layer on our cultured endothelial cells. Then, we

investigated the interaction between microcapsules and

HUVECs with and without the glycocalyx layer. Finally,

we studied the interaction between neuraminidase-loaded

microcapsules and HUVECs.

Figure 1 depicts three-dimensional confocal images of

HUVECs from the glass slide to the top of the cell at a series

of depths along the z-axis, with Dz ¼ 250 nm. The main

enface panel shows the fluorescent image in the x–y cross sec-

tion at a given z-location. The two smaller panels reveal the

structure along the x–z (bottom panel) and y–z cross sections

(right side panel) as indicated by dashed lines in the enface

image. Figure 1a is the control, where HUVECs have been

cultured for 14 days. In the image, green is WGA–FITC, red
is cytotracker and blue indicates cell nuclei. The green-stained

glycocalyx layer is seen to have a thickness of several hundred

nanometres to 1 mm. It is continuous and covers the surface of

the endothelium. Following neuraminidase treatment, shown

in figure 1b, there is hardly any green fluorescence in the

image; giving evidence that neuraminidase cleaves away

most of the glycocalyx layer from the HUVEC membrane.

In our study, microcapsules were premixed with culture

medium and incubated with HUVECs. It is therefore likely

that the charge on microcapsule outermost layer will be chan-

ged by the culture medium through salt effects and protein

adsorption. Results show that despite their initial difference

in the charge property, both capsules exhibited negative

charges in the cell culture medium (figure 12). Figure 2

shows the interaction between microcapsules and endothelial

cells. In vitro cell-viability assays, such as the MTT

(methylthiazol tetrazolium) test, showed no acute cell toxicity

at moderate microcapsule concentrations [24]. In the entirety

of this study, the ratio between the number of microcapsules

and HUVECs was controlled at approximately 20 : 1. Further

increase of the microcapsule concentration in the culture

medium results in more capsules precipitated on the cell sur-

face which may affect cell metabolism and viability [25,26].

For the control, shown in figure 2a, HUVECs were cultured

for 14 days, and their membrane was covered with the glycoca-

lyx layer. (PSS/PAH)2 microcapsules with TRITC–dextran

(hence red fluorescence in the images) were added to the

culture medium. Following 48 h incubation, there were a

small number of microcapsules observed in the enface image.

However, a closer look at the bottom and side panels in figure

2a revealed that these microcapsules were all on top of the endo-

thelial glycocalyx and none had penetrated into the endothelial

cells. Pre-treatment with 1 mg ml21 neuraminidase, for 10 min

at 378C, abolished the glycocalyx layer on the HUVEC mem-

brane (figure 2b). (PSS/PAH)2 microcapsules were added to

the culture medium and incubated with the pre-treated

HUVECs for 48 h. At the end of 48 h, part of the glycocalyx

layer was recovered, but it was still patchy with little sign of

green staining on the membrane above the cell nucleus. Micro-

capsules were observed inside the endothelial cells. This can be

seen more clearly in the enlarged image in figure 2c, where

red-stained microcapsules clustered around the cell nuclei.
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Figure 2. Interaction between microcapsules and endothelial cells. (a) Control, (b) endothelial cells were pre-treated with neuraminidase and then incubated with
microcapsules for 48 h, (c) enlarged image of the highlighted area in panel (b). The main panel shows the enface image at a given z-depth. The bottom and side
panels show the x – z and y – z cross-sectional images, respectively.
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Figure 3. Neuraminidase release rate from (PSS/PAH)2 microcapsules at room
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They were inside the cells and, in places, covered by the regrown

glycocalyx layer. The x–z and y–z panels revealed that they were

level with nuclei in the z-direction, rather than being on top of the

cell membrane, as seen in the control. Previous study has shown

that similar capsules enter the lysosome after their internaliz-

ation [27]. The resolution of current confocal images does not

allow us to look into this in detail.

These results demonstrate that the glycocalyx layer is

capable of preventing microcapsules from entering the endo-

thelial cells. Abolishing the glycocalyx layer enables the

internalization of microcapsules by endothelial cells. How-

ever, if our goal is to use microcapsules as delivery vehicles

into vascular endothelial cells, abolishing the entire glycoca-

lyx layer in the vessel lumen can lead to severe pathological

conditions, e.g. leaky vessels and oedema. It is, therefore,

desirable and of practical relevance if we can functionalize

microcapsules with neuraminidase, so that the cleavage

of the glycocalyx layer happens only at locations where

microcapsules come to contact with the endothelial cells.

temperature (number of experiments, n ¼ 5).
3.2. Encapsulation of neuraminidase
Polyelectrolyte capsules are not completely impermeable to

proteins. Protein release occurs according to capsule wall com-

position [28]. In our study, microcapsules (PSS/PAH)2 had

four layers. Neuraminidase (4 mg) was co-precipitated with

CaCO3 microparticles. Neuraminidase (0.836 mg) remained

in the glass beaker with uncollected particles. During polyelec-

trolyte absorbing and capsule washing steps, there was a

negligible amount of neuraminidase loss, and its concentration

in the supernatant was too low to be detected by UV2vis spec-

troscopy. Neuraminidase (1.56 mg) was lost in the CaCO3

template decomposition step, called burst release. Therefore,

approximately 21% and 39% of the neuraminidase was lost in

the core coprecipitation and the dissolution steps, respectively,

leaving 40% of the neuraminidase in capsules. The total number

of capsules was quantified using haemocytometer count-

ing chambers, and determined to be (7.8+0.3)� 107. The

amount of neuraminidase in a single microcapsule was

therefore estimated to be approximately 20 pg.

To investigate the release rate of neuraminidase from (PSS/

PAH)2 microcapsules, all microcapsules were placed in 2 ml

Milli-Q water at room temperature. The supernatant was col-

lected after 2, 24 and 72 h, and the surrounding water was
fully refreshed at each time point. The concentration of neura-

minidase in the collected supernatant was determined by the

UV–vis spectrometer. Figure 3 shows the release rates of neur-

aminidase from (PSS/PAH)2 microcapsules. It is seen that in

the first 2 h, neuraminidase was released at 12.82 mg h21, but

the value decreased to 10.36 mg h21 over the next 22 h and

then to 8.64 mg h21 over the following 48 h. Protein encapsula-

tion and release have been studied by a number of groups

[21,29,30]. Our results are consistent with their findings that

the release rate of proteins from polyelectrolyte microcapsules

over the first hours is significantly higher than that over the

following hours.
3.3. Interaction between neuraminidase-loaded
microcapsules and endothelial cells

(PSS/PAH)2 microcapsules were fabricated with neuramini-

dase as described before. They were divided equally into 20

portions and added to HUVECs with 2 ml culture medium.

The number of microcapsules in each sample was quantified

in the haemocytometer counting chamber. After 2 h incubation,



Table 1. Neuraminidase-loaded microcapsules show a significant increase in the number that adhere to or enter vascular endothelial cells after 2 h in the cell
culture medium (number of experiments, n ¼ 20).

total number of capsules used
in experiment (3106)

number of capsules washed
away in supernatant (3106)

% of capsules entered or
adhered to HUVECs (%)

control 4.07+ 0.08 3.88+ 0.21 4.67

neuraminidase-loaded capsules 3.93+ 0.11 2.76+ 0.17 29.77

(b)(a)

10 µm 10 µm

7 µm 7 µm

Figure 4. Interaction between (PSS/PAH)2 capsules and HUVECs after microcapsules were added to the culture medium for 2 h. (a) Control, (b) neuraminidase-
loaded microcapsules. The main panel shows the enface image at a given z-depth. The bottom and side panels show the x – z and y – z cross-sectional images,
respectively.
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the sample was washed three times with the culture medium.

The number of microcapsules in the supernatant was again

determined with a haemocytometer counting chamber. As for

the control samples, similar experiments were carried out for

(PSS/PAH)2 microcapsules without neuraminidase. Table 1

shows our data from experiments. For the control, most of the

microcapsules were washed away, and only approximately

5% remained in the sample. For neuraminidase-loaded micro-

capsules, there were significant increases and approximately

30% of microcapsules had either adhered to or entered into

vascular endothelial cells. Next, we set out to use confocal ima-

ging to reveal the location of these microcapsules in relation

to HUVECs.

During immunofluorescent staining steps, cultured

HUVECs were briefly washed using the serum-free M199

medium nine times before imaging by a CLSM. All micro-

capsules suspended in the medium should be removed.

Three-dimensional confocal images were taken from the glass

slide to the top of the cell. In figure 4, the location of the micro-

capsules in relation to endothelial cells was observed after they

were added to the cell culture medium. In the control group,

shown in figure 4a, there were far fewer capsules in the enface

image, as most of the microcapsules were washed away. The

bottom and side panels in figure 4a revealed that the remaining

capsules (red) were located on the glycocalyx layer (green) out-

side of the endothelial cells. By contrast, for neuraminidase-

loaded microcapsules, shown in figure 4b, there were clusters

of capsules near the cell nucleus in the enface image. From

the bottom and side panels, we can see the capsules were

inside the endothelial cell and localized to the same z-level as

the nucleus. The glycocalyx layer was on top, covering the

microcapsules.
Note the difference between figure 4b and figure 2c.

Although in both studies, microcapsules were able to enter

the endothelial cells, in figure 2c, endothelial cells were pre-

treated with neuraminidase to abolish their entire glycocalyx

layer. The green stain represented the newly synthesized gly-

cocalyx after 48 h culture. In figure 4b, neuraminidase-loaded

microcapsules came to contact with the glycocalyx layer,

cleaved the glycocalyx structure in their proximity and left

most of the glycocalyx layer intact, hence the green stained

glycocalyx layer in figure 4b remained well established. The

process of a neuraminidase-loaded microcapsule entering

a vascular endothelial cell is represented in a schematic

drawing in figure 5.

3.4. Effect of time on the internalization of
neuraminidase-loaded microcapsules

The time required for microcapsules to pass through the cell

membrane is very important in drug delivery. In the follow-

ing study, we investigate the uptake of neuraminidase-loaded

(PSS/PAH)2 microcapsules by HUVECs at different time

points. In figure 6, confocal images of capsules in HUVEC

samples at 0.5, 1, 2 and 3 h are shown. Equal amounts of cap-

sules were added to samples at the beginning of the

experiment. At t ¼ 0.5 h, shown in figure 6a, a number of

microcapsules adhere to endothelial cells. The majority of

these capsules were still above the glycocalyx layer, although

a few have entered the cells. At t ¼ 1 h (figure 6b), more cap-

sules have made their way through the membrane into the

cell. However, there were still many microcapsules above

the endothelial glycocalyx layer. At t ¼ 2 h (figure 6c), most

capsules have passed through the cell membrane with
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Figure 5. Schematic of the uptake of a neuraminidase-loaded microcapsule by
a vascular endothelial cell. (a) Microcapsule is added to the culture medium and
incubated with endothelial cells; (b) capsule comes to contact with the endo-
thelial membrane. Neuraminidase released from the capsule cleaves
the endothelial glycocalyx; (c) capsule is internalized by the endothelial cell.
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only a few capsules outside the cell. Finally, at t ¼ 3 h

(figure 6d ), we see a similar pattern to that observed in the

t ¼ 2 h sample, without further significant change. These

results suggest that the approximate time required for

HUVECs to internalize neuraminidase-loaded (PSS/PAH)2

microcapsules is approximately 2 h. This time will clearly

be affected by the permeability of the capsules and the

amount of neuraminidase encapsulated in them.
3.5. Stability of (PSS/PAH)2 microcapsules in human
umbilical vein endothelial cells

(PSS/PAH)2 capsules are categorized as non-biodegradable.

Stability of neuraminidase-loaded microcapsules after their

internalization by HUVECs was investigated in the following

study. HUVEC samples containing (PSS/PAH)2 capsules

in their cytoplasm were cultured for 7 days. At the end of

day 7, HUVECs showed no difference to the control group,

i.e. HUVECs cultured for the same length of time without

capsules inside. In figure 7, we can see that (PSS/PAH)2 cap-

sules retained their circular shape and integrity. The capsules

remained in the cytoplasm, which can be seen in the bottom

and side panels.
3.6. Biodegradable DS/PArg capsules
Although (PSS/PAH)2 microcapsules have excellent biocom-

patibility and can be functionalized with neuraminidase to

enter vascular endothelial cells, they are not biodegradable.

In drug delivery systems for therapeutic purposes and medical

applications, the drug carrier needs not only be biocompatible,

but also biodegradable over a reasonable period of time under

physiological conditions. Polyelectrolytes microcapsules made

of natural polysaccharides and polypeptides are known to be

biodegradable, and once in phagocytic cells, they can degrade

within hours [31]. De Geest et al. [13] developed polyelectrolyte

microcapsules that could be degraded by intracellular

proteases or hydrolytic enzymes. The dextran sulfate/

poly-L-arginine (DS/PArg) microcapsules were susceptible to

enzymatic degradation and gradually disintegrated over 60 h

after being internalized by VERO-1 cancer cells. De Koker

et al. [32,33] reported these microcapsules could also be

degraded after incubation with bone-marrow-derived dendri-

tic cells, and proposed macropinocytosis as the mechanism of

uptake of capsules by the cells. Here, we used the same compo-

sition to make (DS/PArg)2 microcapsules and explore the

capsule fate in non-phagocytic HUVECs.

Identical experiments to those presented above using

(PSS/PAH)2 microcapsules were carried out on biodegradable

(DS/PArg)2 microcapsules. First, we established the interaction

between (DS/PArg)2 microcapsules and HUVECs with and

without the glycocalyx layer. Figure 8 shows the results after

(DS/PArg)2 microcapsules were added to HUVEC samples

for 48 h. For the control group, in figure 8a, HUVECs have a

well-developed glycocalyx layer, and (DS/PArg)2 micro-

capsules are observed on top of the glycocalyx outside the

endothelial cells. For neuraminidase-pre-treated HUVECs, in

figure 8b, clusters of (DS/PArg)2 microcapsules were observed

near the nucleus of endothelial cells. The green stain represents

the newly synthesized glycocalyx in the 48 h period. The bottom

and side panels reveal these microcapsules are at the same

z-location as the nucleus of the cell, and in places, they were

underneath the glycocalyx layer. A close-up view is presented

in figure 8c, where the location of the microcapsules inside the

the endothelial cells can be seen more clearly.

Internalization of neuraminidase-loaded (DS/PArg)2

microcapsules at different time points was studied at t ¼ 0.5,

1, 2 and 3 h. As seen in figure 9, the number of internalized

microcapsules increases with time. By t ¼ 2 h, there are a large

of number of capsules inside HUVECs, clustering in cytoplasm

around nucleus. As time increases to t ¼ 3 h, there is a further

increase of capsules inside HUVECs, but the increase is less

marked. A quantitative measure of the number of capsules in

the endothelial cells at different times is given in figure 10.

Figure 10 shows the relationship between the number of

internalized capsules and the time after they are added to

HUVEC samples. For both (PSS/PAH)2 and (DS/PArg)2 cap-

sules, their presence in endothelial cells was heterogeneous.

There are cells that take in many capsules, whereas the neigh-

bouring cells have taken in few capsules. In our study, we

chose two sampling areas randomly in an experiment, with

approximately 20 cells being examined. The average number

of capsules in a cell in an experiment was recorded. The exper-

iment was repeated five times for each time point. For both

(PSS/PAH)2 and (DS/PArg)2 capsules, the number inside the

cell increases with the time. The increase in number is faster

at earlier time points (i.e. up to t ¼ 1 h) and slows down after
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10 µm
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Figure 6. Confocal images of neuraminidase-loaded (PSS/PAH)2 microcapsules in HUVEC samples at different time points. (a) t ¼ 0.5 h; (b) t ¼ 1 h; (c) t ¼ 2 h
and (d ) t ¼ 3 h. The main panel shows the enface image at a given z-depth. The bottom and side panels show the x – z and y – z cross-sectional images,
respectively.

10 µm

10 µm

Figure 7. (PSS/PAH)2 capsules internalized by HUVECs retain their circular
shape and integrity after 7 days. The main panel shows the enface image
at a given z-depth. The bottom and side panels show the x – z and y – z
cross-sectional images, respectively.
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2 h. A higher number of biodegradable (DS/PArg)2 capsules

are observed in cells than (PSS/PAH)2 capsules at all given

time points. The results support the hypotheses that neurami-

nidase-loaded microcapsules release the enzyme to cleave the
glycocalyx in the proximity of the capsules, leading to their

internalization in vascular endothelial cells.
3.7. Degradation of (DS/PArg)2 capsules in human
umbilical vein endothelial cells

To investigate the degradation of (DS/PArg)2 capsules after

their internalization in HUVECs, we studied samples at differ-

ent days. Figure 11 shows that (DS/PArg)2 capsules gradually

disintegrate between 3 and 7 days. After 1 day in endothelial

cells, as shown in figure 11a, capsules retain their circular

shape and integrity. By 3 days, some of the capsules start to

change their shape to appear as become discontinuous,

patchy circles. By the end of 5 days, in figure 11c, most of the

capsules have disintegrated to pieces and hardly any intact

capsules can be seen inside endothelial cells. By the end of

7 days, as seen in figure 11d, microcapsules have completely

degraded into pieces, with the red-coloured polyelectrolytes

clouds and dots spread in the entire cytoplasm.
4. Summary
In this work, we studied interactions between (PSS/PAH)2

and (DS/PArg)2 microcapsules and vascular endothelial



(b)(a) (c)

8 µm 11 µm
10 µm

20 µm 20 µm
10 µm

Figure 8. Interaction between (DS/PArg)2 microcapsules and HUVECs after 48 h incubation. (a) Control, capsules were seen on top of the glycocalyx layer,
(b) endothelial cells were pre-treated with neuraminidase, and capsules were seen inside the cells clustered around the nucleus, (c) zoomed in view of the
area highlighted in panel (b). The main panel shows the enface image at a given z-depth. The bottom and side panels show the x – z and y – z cross-sectional
images, respectively.

(b)(a)

(c) (d )

9 µm

8 µm 10 µm

10 µm

20 µm

20 µm 20 µm

20 µm

Figure 9. Internalization of neuraminidase-loaded (DS/PArg)2 microcapsules after they were added to the HUVEC culture medium for different lengths of time. (a) t ¼
0.5, (b) t ¼ 1, (c) t ¼ 2 and (d ) t ¼ 3 h. The main panel shows the enface image at a given z-depth. The bottom and side panels show the x – z and y – z cross-
sectional images, respectively.
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cells in vitro. We first established that these capsules are

blocked by the endothelial glycocalyx layer and cannot

penetrate through the cell membrane into endothelial cells.

When the glycocalyx layer is abolished by neuraminidase,

endothelial cells are accessible to both (PSS/PAH)2 and
(DS/PArg)2 capsules. Previous studies have found that simi-

lar capsules are easily incorporated by phagocytic cells,

cancer cells and some primary cells in culture, but very inef-

ficiently by primary hippocampal neurons in culture [34]. As

the interface between the circulating blood and vessel wall,
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Figure 10. Number of internalized capsules per cell over time, following
their addition to HUVEC samples. Every point in the results was based on
data from five independent experiments. Each experimental replicate was
the averaged value based on 20 cells. (Online version in colour.)
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Figure 12. Zeta potentials of four-layered PSS – PAH microcapsules with
either a PAH or PSS outmost layer after 12 h in the cell culture medium
(n ¼ 5).
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Figure 11. (DS/PArg)2 microcapsules after different periods inside endothelial cell: (a) 1 day, (b) 3 days, (c) 5 days and (d ) 7 days. The main panel shows the enface
image at a given z-depth. The bottom and side panels show the x – z and y – z cross-sectional images, respectively.

rsif.royalsocietypublishing.org
J.R.Soc.Interface

11:20141027

9

vascular endothelial cells are in direct contact with the blood.

Their primary function is to form a barrier to keep the circu-

lating cells and particles in the blood. Our results show that

capsules do not enter endothelial cells under normal con-

ditions, which is consistent with the physiological function

of endothelial cells. However, if we cleave the glycocalyx
layer on the cell membrane (using neuraminidase in this

study), capsules can be internalized by the endothelial cells.

Although the mechanisms involved in the uptake of capsules

by endothelial cells are not yet fully understood, the endo-

thelial glycocalyx layer plays an important role in the

internalization of these capsules.
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To minimize destruction of the endothelial glycocalyx

layer while achieving cross cell membrane transport of

the capsules, we encapsulated neuraminidase inside (PSS/

PAH)2 and (DS/PArg)2 capsules. By controlling the per-

meability of capsules to neuraminidase, we achieve gradual

release of the enzyme through the porous membrane of the

capsule. The neuraminidase molecules surrounding the cap-

sules cleave the glycocalyx layer to open a channel for the

capsule to go through. Neuraminidase-loaded capsules can

pass through the endothelial cell membrane and remain in

the cytoplasm for many days with no apparent effect on

cell viability. Of the two capsule types studied, (DS/PArg)2

capsules are biodegradable, which makes them a more

appropriate drug-delivery candidate.

The ideal situation is to fabricate capsules that allow con-

trolled release of neuraminidase and retain the cargo until

capsules degrade after reaching the target site. This can be

achieved if the size of the cargo is significantly bigger than

that of the enzyme [35]. When the size of the drug is similar

to that of the enzyme, there will be leakage of the drug before

capsules enter the cell. We have fabricated capsules with

specific targeting ability by functionalizing their surface

[36]. Compared with the situation where the drug has to be

administrated systemically and thus diluted, drug-carrying

capsules can achieve significantly higher delivery efficiency.

The novelty of this study lies in the fact that we demon-

strated the effect of the endothelial glycocalyx in the

interaction between microcapsules and endothelial cells. Fur-

thermore, we functionalized microcapsules by loading them

with an enzyme to enable them to pass through the glyco-

calyx layer and achieve cell internalization. Results from

our study show that microcapsules can be functionalized to

work as delivery carriers not only into phagocytic cells, but

also into other types of normal healthy cells. Vascular endo-

thelial cells are chosen in this study due to the fact that these

cells have the primary function of being the ‘barrier’ between

the circulating blood and the tissue. Large particles, such as

proteins and microcapsules, cannot permeate the endothelial
lining in vivo. In conclusion, we have fabricated microcapsules

that have high potential to act as drug delivery carriers with the

ability to pass through the endothelial barrier of blood vessels

into surrounding tissues.
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Appendix A. Zeta potential measurement
Four-layered PSS–PAH capsules with either a PSS outermost

layer or PAH outermost layer, i.e. (PSS–PAH)2 or (PAH–

PSS)2 capsules, were mixed with culture medium for 12 h

and washed three times with Milli-Q water, before their

zeta potentials were measured. Figure 12 shows the results

and their comparison to the control, i.e. before they were

exposed to the cell culture medium. It is seen that for the con-

trol, zeta potentials for PAH and PSS outermost layered

capsules are of þ10.13 mV and 217 mV, respectively. How-

ever, after 12 h in the culture medium, their zeta potentials

have changed to 25.5 and 28.97 mV. Despite their initial

difference in charge, both capsules exhibited negative charges

in the cell culture medium.

Cell culture medium contains a variety of components

and growth factors that can alter the charge of the capsule,

including salts, such as NaCl (6800 mg l21), KCl

(400 mg l21) and NaHCO3 (2200 mg l21). Georgieva et al.
[37] studied the influence of different salts on polyelectrolyte

hollow microcapsules. They reported that the surface charge

of capsules changed from initially positive to negative values

after 24 h of incubation in each of the carbonate solutions,

and demonstrated that the complete charge reversal of the

PAH layer is caused by interaction of the carbonates with

the weak polyelectrolyte PAH, which was confirmed by

ITC measurements. This is consistent to our observation.
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