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 Subcompartmentalized Nanoreactors as Artifi cial 
Organelle with Intracellular Activity 

   Bo    Thingholm     ,        Philipp    Schattling     ,        Yan    Zhang     ,       and        Brigitte    Städler   *   

  1.     Introduction 

 Nature has perfected the way our cells operate and function 

in our body. Multiple reactions happen in parallel, in a cas-

cade manner, executed by highly specialized subunits under 

stringent control. The successful interplay between the nuclei 

as the carrier of the genetic information, the ribosome as the 

protein factory, and the mitochondria as the energy plant 

among others is what defi nes a healthy living organism. How-

ever, the treatment of malfunctioning organelles, either since 

birth or due to environmental factors, is challenging. [ 1 ]  

 Therapeutic cell mimicry (TCM) aims to substitute for 

missing or lost cellular function by imitating a specifi c cel-

lular activity, i.e., by performing encapsulated biocatalysis 
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 Cell mimicry is an approach which aims at substituting missing or lost activity. In this 
context, the goal of artifi cial organelles is to provide intracellularly active nanoreactors 
to affect the cellular performance. So far, only a handful of reports discuss concepts 
addressing this challenge based on single-component reactors. Here, the assembly 
of nanoreactors equipped with glucose oxidase (GOx)-loaded liposomal subunits 
coated with a poly(dopamine) polymer layer and RGD targeting units is reported. 
When comparing different surface modifi cations, the uptake of the nanoreactors by 
endothelial cells and macrophages with applied shear stress is confi rmed without 
inherent cytotoxicity. Furthermore, the encapsulation and preserved activity of 
GOx within the nanoreactors is shown. The intracellular activity is demonstrated by 
exposing macrophages with internalized nanoreactors to glucose and assessment of 
the cell viability after 6 and 24 h. The macrophage viability is found to be reduced 
due to the intracellularly produced hydrogen peroxide by GOx. This report on the 
fi rst intracellular active subcompartmentalized nanoreactors is a considerable step in 
therapeutic cell mimicry. 
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to synthesize, degrade, or convert a specifi c compound in 

the required product. Since many diseases are related to the 

malfunctioning or missing of a specifi c enzyme, TCM might 

have the potential to provide a platform to address a variety 

of medical conditions. Enzyme replacement therapy as such 

is a well-known concept, [ 2 ]  which faces a lot of challenges 

predominantly due to the loss of enzymatic function in bio-

logical environments. TCM is a nature-inspired approach 

that tries to mimic biological concepts to facilitate the inter-

action of synthetic assemblies (formulations) with biological 

systems in a sustained manner. Options are to mimic either 

the entire cells or their organelles. In the latter case, typi-

cally small single compartment systems, encapsulating one 

or more specifi c enzymes, are considered as simple mimics. [ 3 ]  

Among the most crucial aspects of artifi cial organelles is their 

ability to be active inside of a biological cell. However, only 

few published reports demonstrated intracellular activity 

using polymersomes or hollow silica nanospheres. Ben-Haim 

et al. [ 4 ]  and later van Dongen et al. [ 5 ]  demonstrated the 

uptake by cells and preserved activity of enzyme-loaded 

polymersomes within the cells, employing model systems. 

Tanner et al. [ 6 ]  assembled a reactor that could combat oxi-

dative stress in THP-1 cells via an encapsulated enzymatic 
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cascade reaction. The group of Mou employed enzyme-

loaded silica nanospheres for the triggered conversion of 

prodrugs. [ 7 ]  These fi rst reports highlight the potential of the 

approach to equip natural cells with artifi cial organelles 

toward a potential treatment of organelle dysfunction, 

but the fi eld is in its infancy with a magnitude of scientifi c 

challenges to be overcome and fundamental aspects to be 

elucidated. 

 From a different perspective, the assembly of subcompart-

mentalized microreactors is a promising approach toward the 

creation of therapeutic artifi cial cells [ 8 ]  Such microreactors 

mimic the hierarchical structure of a cell, which allow them 

to perform multiple reactions simultaneously in a spatially 

confi ned manner with high effi ciency and accuracy. Sub-

compartmentalized systems have been fabricated using 

predominantly a combination of liposomes, polymersomes, 

and polymer capsules as building blocks. [ 9 ]  Among the most 

advanced approaches are polymersomes in polymersomes [ 10 ]  

and capsosomes, liposomes within polymer carrier capsules, [ 11 ]  

including the demonstration of encapsulated enzymatic cas-

cade reactions as the most complex functionality in both cases. 

Janus microreactors, toward the mimicry of the polarity of 

cells, were recently reported. [ 12 ]  Furthermore, we advanced 

capsosomes toward their use as an oral treatment for phe-

nylketonuria by loading them with the enzyme phenylalanine 

ammonialyase, which converts phenylalanine into benign 

 trans -cinnamic acid in the intestine. [ 13 ]  We demonstrated that 

such capsosomes could be used as extracellular microreac-

tors with preserved activity in cell culture with applied peri-

staltic fl ow. Thus far, the concept of subcompartmentalization 

has never been considered for intracellular active reactors, 

although natural organelles contain separated subunits to 

facilitate parallel reactions while avoiding undesired interac-

tions. Furthermore, free liposomes suffer from instability in 

biological environment. In contrast, we have recently demon-

strated that capsosomes exhibit superior stability of the lipo-

somal subunits when exposed to the enzyme phospholipase. [ 14 ]  

Therefore, subcompartmentalized artifi cial organelles might 

turn out to be superior over single compartment structures. 

 Herein, we report the assembly of subcompartmentalized 

nanoreactors with intracellular activity ( Scheme    1  ). Specifi -

cally, we i) coated 800 nm silica particles with poly(dopamine) 

(PDA), poly(ethylene glycol) (PEG), or (arginylglycylaspartic 

acid) (RGD) and compared their uptake by endothelial cells 

and macrophages without and with applied shear stress, 

ii) assembled and characterized subcompartmentalized nano-

reactors by depositing enzyme-loaded liposomal subunits 

onto the silica particles prior to the surface-modifi cation with 

RGD, and iii) confi rmed their intracellular enzymatic activity 

by the production of hydrogen peroxide (H 2 O 2 ), which led to 

reduced cell viability.   

  2.     Results and Discussion 

  2.1.     Surface Coating-Dependent Interaction of Nanoparticles 
with Endothelial Cells and Macrophages 

 Successful artifi cial organelles need to fulfi l a lot of different 

requirements including their assembly and testing in buffer 

solution followed by their internalization by cell with pre-

served structural integrity and function. The fi rst aspect we 

considered was the uptake effi ciency of core–shell particles 

depending on the outermost surface coating to ensure high 

internalization. Herein, we chose 800 nm core–shell parti-

cles due to their desirable high loading of enzyme-loaded 

liposomes with preserved colloidal stability and possibility 

for surface modifi cation. Admittedly, the particles might be 

fast fi ltered out by the organs when administered in vivo due 

to their size and hardness, yet these particles are still able 

to illustrate the potential of subcompartmentalized artifi cial 

organelles. 

  2.1.1.     Coating 

 First, the particles were coated with a layer of fl uorescein 

isothiocyanate labeled poly( l -lysine) (PLL F ) to visualize the 

particles when internalized by the cells. Next, a thin layer of 

PDA was adsorbed. PDA, deposited by the self-polymeriza-

tion of dopamine (DA) at slightly basic pH, is an interesting 

material to be used for various biomedical applications as 

recently extensively reviewed by us [ 15 ]  and others. [ 16 ]  Among 

the many advantages is the opportunity for postmodifi cation 

with amines and thiols. We employed the graft copolymer 

PLL- graft  -PEG with unmodifi ed or RGD end-functionalized 

PEG chains, a copolymer with prior success in biomedicine, 

for instance, as surface coating, [ 17 ]  for biolubrication, [ 18 ]  or 

for DNA delivery. [ 19 ]  This polymer layer equipped the parti-

cles with cell-adhesive (RGD) or cell-repellent (PEG) prop-

erties, since the amine groups on the PLL allowed for the 
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 Scheme 1.    Schematic illustration of i) the assembly of the 
subcompartmentalized nanoreactors starting with PLL coating of 
silica particles followed by the deposition of L GOx , PDA, and RGD, and 
ii) the intracellularly active subcompartmentalized nanoreactors with 
encapsulated glucose oxidase in the liposomal subunits (L GOx ) including 
the illustration of the enzymatic conversion of glucose into  D -glucono-
1,5-lactone and H 2 O 2 .
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interaction with the quinons of the PDA. The particles will be 

labeled P PDA , P PEG , and P RGD  from now on. 

 The deposition of these polymer layers was confi rmed 

by measuring the ζ-potential of the particles ( Figure    1  a). 

The initial negative ζ-potential of the silica particles in 

10 × 10 −3   m  4-(2-hydroxyethyl)piperazine-1-ethanesulfonic 

acid (HEPES) buffer (pH 7.4, HEPES 1  buffer) increased 

upon the deposition of PLL F , followed by a slight drop 

when the PDA layer was adsorbed. P PEG  and P RGD  had a 

ζ-potential of ≈0 and ≈ −10 mV, respectively. This observa-

tion together with our prior report on the deposition of PLL-

 g -PEG onto PDA [ 20 ]  suggested the successful deposition of 

the fi nal polymer layer. P RGD  was visualized in buffer solution 

(HEPES 2  buffer: 10 × 10 −3   m  HEPES and 150 × 10 −3   m  NaCl 

(pH 7.4)) as a representative example using an epifl uorescent 

microscope (Figure  1 b). The homogenous fl uorescence, due 

to the presence of PLL F , confi rmed that the PDA layer was 

thin enough to not entirely block the fl uorescence emission. 

This aspect was important since we have prior observed that 

thick layers of PDA could entirely hinder the visualization 

of fl uorescently labeled underlying layers. [ 11 ]  Furthermore, 

the particles remained well dispersed without aggregation, 

which was also supported when considering the fl ow cytom-

etry histogram using particles suspended in HEPES 2  buffer 

(Figure  1 c). The nonaggregated state of the particles was 

important to ensure that differences in the biological evalua-

tion were only due to varied surface chemistries and not due 

to changes in size, i.e., aggregates versus individual particles.   

  2.1.2.     Uptake by Endothelial Cells and Macrophages 

 Intracellularly active nanoreactors need to fulfi l multiple 

requirements including the internalization by the targeted 

cell line. Therefore, we aimed at comparing the uptake of 

P PDA , P PEG , and P RGD  by macrophages and endothelial cells 

in static conditions and with applied shear stress. These two 

cell types were chosen because they are interesting targets 

for artifi cial organelles and are straight forward accessible 

upon intravenous injection. Macrophages are the body’s 

fi rst line of defense against intruding pathogens. How-

ever, microorganisms have come up with ways to avoid or 

escape the digestive organelles of immune cells leading to 

severe medical conditions. For instance, adherent-invasive 

 Escherichia coli  bacteria can resist macrophage degrada-

tion in Crohn’s disease patients, [ 21 ]  or  Mycobacterium tuber-
culosis  is a microorganism that has adapted to survive in 

macrophage phagosomes. [ 22 ]  Since traditional treatment 

strategies did not succeed, novel concepts such as TCM are 

required, i.e., equipping macrophages with artifi cial digestive 

reactors might present itself as an alternative approach to 

battle resistant invaders. 

  Static Conditions : The fi rst step for an artifi cial organelle 

to support its host cell is to be internalized. With the aim to 

compare the uptake of P PDA , P PEG , and P RGD  by endothelial 

cells and macrophages, 6250 and 2500 particles mL −1  were 

incubated with endothelial cells and macrophages, respec-

tively, at static conditions ( τ  0  = 0 dyn cm −2 ). Different par-

ticle concentrations were used to keep the particles to cell 

ratio constant at 10/1. The normalized cell mean fl uorescence 

(nCMF;  Figure    2  ) was assessed at different time points 

using fl ow cytometry. Endothelial cells exhibited similar 

nCMF independent on the used particles. Unexpectedly, 

the endothelial cells did not show any preference to P RGD  

(Figure  2 a). Furthermore, the nCMF was highest after 

2 h, followed by a constant decrease over the subsequent 

21 h. On the other hand, macrophages showed constant 

nCMF between 3 and 24 h exposure times to the particles 

(Figure  2 b). Additionally, P RGD  led to the expected sig-

nifi cantly higher nCMF compared to P PDA  and P PEG  for all 

tested time points.  

  Applied Shear Stress : Assessing the interaction of drug 

carriers and cells, using predominantly endothelial cells, with 

applied shear stress starts to be recognized as an important 

factor as recently reviewed by Godoy-Gallardo et al. [ 23 ]  

Endothelial cells line our blood vessel and are therefore per-

manently exposed to blood fl ow. Furthermore, circulating 

macrophages experience the same mechanical forces, and its 

relevance has recently been reported by us [ 24 ]  and others. [ 25 ]  

Since every potential artifi cial organelle administered 

intravenously will be exposed to the blood stream and the 

induced mechanical forces such as shear stress, the uptake of 

P PDA , P PEG , and P RGD  by endothelial cells, and macrophages 

were reassessed with applied shear stress ( τ  4  = 4 dyn cm −2 ) 

using a commercial microfl uidic setup. The nCMF of the cells 

upon exposure to the different particles was monitored after 

2 h for macrophages and 16 h for endothelial cells and com-

pared to the nCMF obtained at  τ  0  ( Figure    3  ). For endothelial 

cells, the nCMF due to the exposure of the cells to P RGD  was 
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 Figure 1.    a) ζ-Potential of the SiO 2  particles measured after the different 
coating steps in HEPES 1  buffer. b) Representative fl uorescent microscopy 
image of P RGD . The scale bar is 2 µm. c) Flow cytometry histogram of 
P RGD . Experiments in (b) and (c) were performed in HEPES 2  buffer. 
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signifi cantly higher compared to P PDA  and P PEG  at  τ  4 , while 

the nonsignifi cant difference at  τ  0  was confi rmed. For mac-

rophages, the nCMF due to the exposure of the cells to P RGD  

was signifi cantly higher compared to P PDA  and P PEG  at  τ  0  

and  τ  4 . Furthermore, the nCMF of both cell types exposed to 

P RGD  was signifi cantly higher at  τ  4  compared to  τ  0 , while no 

signifi cant difference was observed for P PDA  and P PEG .  

 With the aim to confi rm the uptake of the particles by 

the cells, endothelial cells and macrophages exposed to 

P RGD  with applied shear stress ( τ  4 ) for 16 and 2 h, respec-

tively, were fi xed, stained, and visualized by confocal laser 

scanning microscopy (CLSM). The endothelial cells had only 

very few internalized particles ( Figure    4  , right). On the other 

hand, macrophages had a high amount of internalized par-

ticles (Figure  4 , left). The visualization confi rmed the fl ow 

cytometry results. Due to the size and mechanical properties 

of the particles, the results were expected. Immune cells are 

known to be able to internalize much larger particles than 

other type of cells without the activation of a specifi c endo-

cytotic pathway such as the intercellular adhesion molecule 

1 mediated uptake. [ 26 ]  Furthermore, we would like to note 

that there were many noninternalized particles observed 

when using endothelial cells, while this was not the case for 

samples with macrophages. Employing the CLSM images 

and fl ow cytometry results, we estimated the number of inter-

nalized particles for the macrophages to be ≈37 and ≈74 at  τ  0  

and  τ  4 , respectively.  

 Following on, we assessed the cell viability of endothe-

lial cells and macrophages with applied shear stress  τ  4  when 

exposed to P RGD  in comparison to  τ  0  after 16 and 2 h, respec-

tively ( Figure    5  ). The cell viability was normalized to cells 

only at  τ  0 . First, exposure to P RGD  did not negatively affect 

the cells for  τ  0  and  τ  4 . Interestingly, a ≈60% higher number 

of viable endothelial cells were detected at  τ  4 . The appear-

ance of the cells depending on the applied shear stress and 

the presence of P RGD  was visualized using bright fi eld micro-

scopy ( Figure    6  ). More endothelial cells were observed at  τ  4  

in agreement with the quantitative cell viability results. Since 

this type of cells is permanently exposed to the blood fl ow 

and the induced mechanical forces, it is not surprising that 

conditions which mimic the biological environment have 

benefi cial effect on the endothelial cells. Furthermore, the 

number of macrophages was similar but they were found to 

have a more rounded morphology at  τ  4 . We have prior found 

small 2016, 12, No. 13, 1806–1814

 Figure 2.    The normalized CMF of a) endothelial cells and b) macrophages 
exposed to P PDA , P PEG , and P RGD  depending on the incubation time is 
shown ( n  = 3,  *  p  < 0.05).

 Figure 3.    Normalized CMF of endothelial cells and macrophages upon 
exposure to P PDA , P PEG , or P RGD  for 16 and 2 h, respectively, with applied 
shear stress ( τ  4 ) compared to the static condition ( τ  0 ) ( n  = 4,  **  p  < 0.01, 
 ***  p  < 0.001).

 Figure 4.    CLSM images of endothelial cells and macrophages exposed 
to P RGD  with applied shear stress ( τ  4 ) for 16 and 2 h, respectively.
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that shear stress affected the number of macrophages likely 

due to their semiadherent nature. 24b      

  2.2.     Nanoreactor 

 Following on, we aimed at assembling enzyme-loaded sub-

compartmentalized nanoreactors and to test such a system for 

the fi rst time toward its intracellular activity. Glucose oxidase 

was chosen as enzyme since it converts glucose into H 2 O 2 , a 

cytotoxic compound. This aspect provides a straight-forward 

method to monitor the intracellular activity of the nanoreac-

tors by assessing the viability of the macrophages. 

  2.2.1.     Assembly 

 Inspired by our prior work, [ 27 ]  we deposited glucose 

oxidase-loaded 1,2-ditetradecanoyl- sn -glycero-3-phospho-

choline/1,2-dihexadecanoyl- sn -glycero-3-phosphocholine 

liposomes (L GOx ) as subunits on 800 nm PLL precoated 

silica particles followed by the deposition of PDA overnight 

and PLL- g -PEG/RGD (P RGD  LGOx ). As we have previously 

shown, PLL allows for the immobilization of different types 

of liposomes without their rupturing, [ 11 ]  and the subsequent 

PDA deposition did not lead to their rupturing or displace-

ment. [ 27 ]  CLSM was employed to confi rm that the assembly of 

the nanoreactors was successful. In this context, fl uorescently 

labeled GOx (GOx 633 ) was incorporated into NBD-labeled 

liposomes (L NBD ).  Figure    7  ai,ii shows that the nanoreactors 

were homogenously coated with both L NBD  and GOx 633 . As 

control, the PLL precoated silica particles were exposed to a 

solution of GOx D  followed by coating with PDA and PLL-

 g -PEG/RGD (P RGD  GOx ) with the aim to demonstrate that 

the activity comes from enzymes within the liposomal subu-

nits only. (GOx D  refers to GOx treated the same way as for 

encapsulation into liposomes but without using lipids.) The 

time-dependent conversion of 100 × 10 −3   m  glucose into H 2 O 2  

by 100 reactors µL −1  was monitored using the Amplex Red 

assay and reading out of the fl uorescent intensity ( λ  = 598 nm) 

using a multimode plate reader (Figure  7 b). As expected, 

only the sample containing nanoreactors with GOx encap-

sulated within the liposomal subunits exhibited increasing 

fl uorescent intensities, i.e., only P RGD  LGOx  was able to con-

vert glucose into H 2 O 2 . On the other hand, P RGD  GOx  showed 
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 Figure 5.    Normalized cell viability of endothelial cells and macrophages 
upon exposure to P RGD  in comparison to cell only (C) at  τ  0  and  τ  4  for 
16 and 2 h, respectively, ( n  = 3,  ***  p  < 0.001).

 Figure 6.    Representative bright fi eld images of endothelial cells and macrophages upon exposure to P RGD  at  τ  0  and  τ  4  for 16 and 2 h, respectively.
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very low fl uorescent intensity strongly suggesting the absence 

or denaturation of GOx in the assembly. Furthermore, 

employing the calibration curve for GOx (Figure S1, Sup-

porting Information) and assuming that 1 U corresponds to 

the production of 1 µmol H 2 O 2  per min, the amount of pro-

duced H 2 O 2  per nanoreactor was estimated on the basis of 

the recorded FI after 30 min (Figure  7 ) and a concentration 

of 100 nanoreactors µL −1 . Accordingly, the estimated H 2 O 2  

production rate per nanoreactor was ≈3 × 10 −9  µmol min −1 .   

  2.2.2.     Intracellular Activity 

 With the aim to demonstrate that the assembled nanoreactors 

exhibited intracellular activity, they were employed to kill the 

host cells using the produced H 2 O 2  to illustrate the function 

of the potential artifi cial organelles to counteract pathogenic 

invasion in macrophages. First, the dose response curve for 

macrophages exposed to glucose was measured (Figure S2, 

Supporting Information). 100 × 10 −3   m  glucose was chosen 

as a concentration which did not negatively affect the cells, 

but enough H 2 O 2  should be produced to monitor the reduc-

tion in cell viability and by doing so, the intracellular activity 

of the nanoreactors was confi rmed. In an attempt to visu-

alize both components of the subcompartmentalized reactor 

inside of the macrophages using CLSM, 

P RGD  LGOx  was assembled using L NBD  

and GOx 633 . We would like to note that 

the PDA coating in this case was much 

thinner (only 15 min PDA coating) in 

order to be able to detect the fl uorescence 

by CLSM. This thinner PDA coating was 

likely to affect the stability of the nano-

reactors inside of the cells and therefore, 

we chose 6 h incubation time. Although 

both, L NBD  and GOx 633  were observed, 

only a few colocalized spots could be iden-

tifi ed (Figure S3, Supporting Information). 

We attributed this aspect to the fact that 

lipids coated with a PDA capping layer 

could be internalized by cells in a PDA 

coating thickness depending manner as we 

have previously shown. [ 28 ]  On the other 

hand, increasing the thickness of the PDA 

layer hindered the fl uorescent imaging 

as we have previously reported. [ 11 ]  As a 

consequence, CLSM images of the fl uo-

rescently labeled nanoreactors inside the 

macrophages yielded poor quality images. 

 Following on, the subcompartmen-

talized reactor P RGD  LGOx  was incubated 

with macrophages for 2 h followed by 

two washing steps with PBS and incuba-

tion with 100 × 10 −3   m  glucose for 6 and 

24 h. We would like to note that the PDA 

coating time of these nanoreactors was 

suffi ciently long to ensure that the PDA 

thickness was suffi ciently high to avoid 

the above-mentioned issue for the chosen 

time points. As controls, the macrophages 

were exposed to P RGD  LGOx  without the addition of glucose, 

macrophages were only incubated with glucose but not with 

P RGD  LGOx , or the cells remained entirely untreated. The 

washing step was important to ensure that the reactors which 

were not internalized were removed. The success of this step 

has been confi rmed by CLSM in Figure  4 . The viability of the 

cells was assessed and compared. The absorbance readings, 

representing the not normalized cell viability, showed sig-

nifi cant lower viability when the macrophages were exposed 

to both P RGD  LGOx  and glucose after 6 and 24 h compared to 

the untreated cells ( Figure    8  a). Importantly, there was no 

signifi cant difference in the absorbance reading between the 

untreated cells and the cells exposed to either P RGD  LGOx  or 

glucose only after 6 and 24 h. Furthermore, when normal-

izing the raw data to the untreated cells, the viability of cells 

exposed to P RGD  LGOx  and glucose after 6 and 24 h was signifi -

cantly lower compared to the controls (Figure  8 b). Addition-

ally, the normalized viability of the macrophages incubated 

with P RGD  LGOx  and glucose for 6 h was signifi cantly higher 

compared to an incubation time of 24 h. These results 

strongly suggest that H 2 O 2  was produced by the subcom-

partmentalized reactor intracellularly leading to cell death. 

Considering the assumption that one nanoreactor produces 

≈3 × 10 −9  µmol min −1  H 2 O 2  and that all the 37 nanoreactors 
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 Figure 7.    a) CLSM images of nanoreactors coated with i) fl uorescently labeled liposomes 
(L NBD ) and ii) fl uorescently labeled GOx (GOx 633 ). b) Nanoreactor activity: The time-dependent 
conversion of glucose into H 2 O 2  by P RGD  LGOx  and P RGD  GOx  is shown.
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per cell were functional and no H 2 O 2  was degraded by 

inherent cellular activity, 0.04 nmol H 2 O 2  was produced 

within one macrophage after 6 h leading to the observed 

reduction in viability. Furthermore, employing the dose 

response curve of macrophages exposed to H 2 O 2  (Figure S4, 

Supporting Information), we estimated that the cell viability 

was reduced to a similar amount as when the macrophages 

were exposed to media containing ≈1.4 × 10 −3   m  H 2 O 2 .     

  3.     Conclusion 

 In summary, we assembled the fi rst subcompartmentalized 

nanoreactor with intracellular activity. The uptake effi ciency 

was found to be dependent on the surface coating and the 

presence of shear stress, with signifi cant higher internaliza-

tion for RGD-modifi ed particles with applied shear stress for 

endothelial cells and macrophages. The loading of GOx into 

the liposomal subunit of the nanoreactor was confi rmed and 

the activity was demonstrated by the conversion of glucose. 

Finally, macrophages with internalized P RGD  LGOx  exhibited 

reduced cell viability upon exposure to glucose compared to 

the controls, demonstrating the intracellular function of the 

nanoreactors. These results provide a considerable contribu-

tion to the fi eld of TCM by assembling nanoreactors, which 

could act as artifi cial organelles.  

  4.     Experimental Section 

  Materials : Sodium chloride (NaCl), poly( L -lysine) hydrobromide 
(PLL, 40–60 kDa), phosphate buffered saline (PBS), 4-(2-hydrox-
yethyl)piperazine-1-ethane-sulfonic acid (HEPES), chloroform 
anhydrous (≥99%), dimethyl sulfoxide (DMSO), glucose oxidase 
from  Aspergillus niger  (GOx, ≥15 units mg −1  solid, 160 kDa), 
catalase from bovine liver (10 000 units mg −1  solid, 240 kDa), 
peroxidase from horseradish (HRP, 250–330 units mg −1  solid), 
paraformaldehyde (PFA), tris(hydroxymethyl)-aminomethane 
(TRIS), dopamine hydrochloride, 4′,6-diamidino-2-phenylindole 
dihydrochloride (DAPI), phalloidin-tetramethylrhodamine B iso-
thiocyanate (phalloidin-TRITC), cell counting kit-8 (CCK-8),  o -dian-
isidine, polyethylene glycol- tert -octylphenyl ether (Triton X-100), 
 D -glucose (≥99.5%), and hydrogen peroxide (H 2 O 2 , 30% w/w) were 
purchased from Sigma-Aldrich. 

 Zwitterionic lipids, 1,2-ditetradecanoyl- sn -glycero-3-phosphocholine 
(DMPC,  T  m  = 23 °C), 1,2-dihexadecanoyl- sn -glycero-3-phosphocholine 
(DPPC,  T  m  = 41 °C), and 1-myristoyl-2-[12-[(7-nitro-2-1,3-benzoxadi-
azol-4-yl)amino]dodecanoyl]- sn -glycero-3-phosphocholine (NBD) were 
purchased from Avanti Polar Lipids (Alabama, USA). Silica particles 
(0.8 µm in diameter) were obtained from Microparticles GmbH (Berlin, 
Germany). Amplex Red Glucose/Glucose Oxidase Assay Kit and Alexa 
Flour 633 C5 maleimide (AF633) reactive dye were purchased from Life 
Technologies (Carlsbad, USA). 

 Poly( L -lysine (20 kDa))- graft  [3.5]-poly(ethylene glycol (2 kDa)) 
(PLL- g -PEG) and poly( L -lysine (20 kDa))- graft  [3.5]-poly(ethylene 
glycol (2 kDa)/poly(ethylene glycol (2 kDa))/ L -arginine-gly-
cine- L -aspartic acid (RGD)) (PLL- g -PEG/RGD) (6–15% of PEG 
(3.4 kDa) is functionalized with RGD) were obtained from SoSuS AG 
(Dübendorf, Switzerland). 

 Three buffers were used: (i) HEPES 1  buffer consisting of 
10 × 10 −3   M  HEPES (pH 7.4), (ii) HEPES 2  buffer consisting of 
10 × 10 −3   M  HEPES and 150 × 10 −3   M  NaCl (pH 7.4), and (iiii) 
TRIS buffer consisting of 10 × 10 −3   M  TRIS (pH 8.5). All buffers 
were made using ultrapure water (Milli-Q gradient A 10 system, 
resistance 10 MΩ cm, TOC <4 ppb, Millipore Corporation, USA). 

 Unilamellar liposomes were prepared by evaporation of 100 µL 
chloroform/lipid solution (25 mg mL −1  DMPC:DPPC 84:16 wt%) 
under vacuum for at least 1 h, followed by rehydration of the lipids 
in 200 µL HEPES 2  containing 5 mg mL −1  GOx (L GOx ). L GOx  was then 
further hydrated with 800 µL HEPES 2 . The solutions were extruded 
through 100 nm fi lters (11×) to obtain monodisperse liposomes. 
Nonencapsulated enzymes were removed by dialyzing the sample 
for 2 h under stirring against HEPES 2  (MWCO 100 kDa mem-
branes). The liposome formation was confi rmed by analyzing the 
solutions by dynamic light scattering (DLS, Zetasizer Nano S90) 
using a material refractive index of 1.590 and a dispersant (water 
at 25 °C) refractive index of 1.330. 

  Core–Shell Particles of Cell Uptake Experiments : 200 µL 
(50 mg mL −1 ) of 0.8 µm diameter silica particles was washed 2× in 
HEPES 2  buffer, coated with PLL FITC  (1 mg mL −1 , 15 min), and washed 
3× in TRIS buffer. All washing steps were performed in a bench top 
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 Figure 8.    Intracellular active subcompartmentalized nanoreactor: 
a) normalized cell viability of macrophages b) exposed to Glu, P RGD  LGOx  
or Glu, and P RGD  LGOx  compared to cell only after 6 and 24 h ( n  = 3, 
 ***  p  < 0.001,  ****  p  < 0.0001).
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centrifuge (MiniSpin, Eppendorf) at 1500 rpm for 3 min. Next, the 
particles were exposed to a dopamine (DA) solution (2 mg mL −1 , 
15 min), followed by 3× washing in HEPES 2  buffer yielding P PDA  
particles. If needed, these particles were further coated by incuba-
tion in either a PLL- g -PEG (1 mg mL −1  in HEPES 2  buffer, 30 min) 
or a PLL- g -PEG/RGD (1 mg mL −1  in HEPES 2  buffer, 30 min) solu-
tion, followed by 3× washing in HEPES 2  buffer to obtain P PEG  and 
P RGD , respectively. The ζ-potential of the particles was analyzed by 
dispersing 1 µL of the fi nal particles in 999 µL HEPES 1  buffer. The 
analysis was carried out at each deposition step using a Zetasizer 
Nano ZS (Malvern Instruments). 

 The fl uorescence and concentration of all particles was 
measured by fl ow cytometry prior to the cell experiments. 

  Nanoreactor Assembly : 200 µL (50 mg mL −1 ) of 0.8 µm silica 
particles was washed 2× in HEPES 2  buffer, coated with PLL (1 mg 
mL −1  in HEPES 2  buffer, 15 min), followed by 3× washing in HEPES 2  
buffer. Then, the particles were exposed to an L GOx , stock solution 
for 30 min followed by 3× washing in HEPES 2  buffer. The parti-
cles were then washed 3× in TRIS buffer and incubated with in a 
DA solution (2 mg mL −1  in TRIS buffer) overnight, followed by 3× 
washing in HEPES 2  buffer. Finally, the particles were coated with 
PLL- g -PEG/RGD (1 mg mL −1  in HEPES 2  buffer, 30 min) and washed 
3× washing in HEPES 2  buffer. Fluorescently labeled P RGD  LGOx  was 
assembled by using liposomes NBD lipids (2.5 mg mL −1 ), AF633-
labeled GOx, and the PDA was allowed to deposit for 15 min. 

  Nanoreactor Activity : The assembled nanoreactors were 
counted using fl ow cytometry. 50 µL of the particle samples 
(100 particles µL −1 ) was incubated in a 96-well plate at 37 °C with 
100 × 10 −3   M  glucose at different time points. After incubation, 
50 µL of a working solution consisting of 100 × 10 −6   M  Amplex Red 
(Life Science) and 0.2 U mL −1  horse radish peroxidase in HEPES 2  
was added to each well, and the fl uorescence ( λ  = 598 nm) was 
immediately measured using a multimode plate reader. 

  Cell Work : RAW 264.7 mouse macrophage and human umbil-
ical vein endothelium cells (HUVEC) cell lines were purchased from 
European Collection of Cell Cultures. The macrophages were cul-
tured in 75 cm 2  culture fl asks (1 100 000 cells per fl ask in 20 mL 
medium) at 37 °C and 5% CO 2  using Dulbecco’s modifi ed Eagle’s 
medium (DMEM, with 4500 mg mL −1  glucose, sodium pyruvate, 
and sodium bicarbonate) and added 10% fetal bovine serum 
(FBS), penicillin (50 µg mL −1 ), and streptomycin (50 µg mL −1 ). The 
endothelial cells were cultured in 75 cm 2  culture fl asks (250 000 
cells per fl ask in 20 mL medium) at 37 °C and 5% CO 2  using 
Medium 200 (Invitrogen) supplemented with 50 µg mL −1  penicillin, 
50 µg mL −1  streptomycin, and 2% large vessel endothelial supple-
ment (Invitrogen). 

 At least 2000 cells were analyzed and at least three inde-
pendent repeats were performed for all the reported fl ow cytom-
etry analysis (C6 Flow Cytometer, Accuri Cytometer, Inc.) using an 
excitation wavelength of 488 nm. The autofl uorescence of the cells 
was subtracted by analyzing control samples where no particles 
were added. All data were normalized to the fl uorescence of the 
particles which were measured using a multimode plate reader. 
Unless otherwise noted, the statistical signifi cance used to com-
pare the distribution was determined using a one-way ANOVA 
with a confi dence level of 95% ( α  = 0.05), followed by a Tukey’s 
multiple comparison posthoc test ( *  p  < 0.05). 

  Uptake Experiments—Static Conditions : Macrophages (50 000 
cells per well) and endothelial cells (20 000 cells per well) were 

seeded in a 96-well plate. Each well was washed 2× in PBS and 
100 µL P PDA , P PEG , or P RGD  suspended in the corresponding media 
was added (particle/cells 10:1). The cells and particles were incu-
bated at 37 °C in 5% CO 2  for 2, 6, 12, and 24 h. Then, each well 
was washed 2× in PBS and the cells were harvested for analysis by 
fl ow cytometry. 

  Uptake Experiments—Dynamic Conditions : The ibidi Pump 
System (ibidi GmbH, Munich, Germany) was employed to apply 
controlled shear stress. Macrophages (100 000 cells per channel) 
and endothelial cells (40 000 cells per channel) were seeded in 
closed perfusion channels (µ-slide VI 0.4 six-well ibiTreat chan-
nels) and allowed to attach at 37 °C in 5% CO 2  for 16 and 4 h, 
respectively. Afterwards, 7.5 mL of corresponding media con-
taining P PDA , P PEG , or P RGD  (particle/cell 10:1) was added to the 
syringes of the pump system, which were connected to the chan-
nels, and a shear stress (τ 4  = 4 dyn cm −2 ) was applied for 2 and 
16 h for macrophages and endothelial cells, respectively, at 37 °C 
in 5% CO 2 . As a control, 120 µL of medium with no shear stress 
(τ 0  = 0 dyn cm −2 ) and no particles was employed. The channels 
were washed 2× with 120 µL PBS, and the cells were harvested for 
analysis by fl ow cytometry. 

  Cell Viability : The viability of the cells was assessed after 
exposure to P RGD  as described above using dynamic conditions. 
Following on, the channels were washed 2× with the corre-
sponding media and 110 µL media and 10 µL of CCK-8 (Dojindo) 
solution was added to each channel. The cells were incubated for 
2 h at 37 °C in 5% CO 2 . Then, 100 µL of the solution from each 
channel was transferred to a 96-well plate and analyzed using a 
multimode plate reader by measuring the absorbance at 450 nm. 
Three independent repeats were performed and the results were 
normalized to cells in the absence of P RGD  at  τ  0 . 

  Intracellular Nanoreactor Activity : Macrophages were seeded 
in 96 well plates (50 000 cells per well) and allowed to attach 
overnight at 37 °C in 5% CO 2 . The cells were then washed 2× with 
100 µL PBS, incubated with P RGD  LGOx  (particles/cells 10:1) for 2 h 
at 37 °C in 5% CO 2 , and washed 2× with PBS before adding media 
with 100 × 10 −3   M  glucose or without added glucose for 6 or 24 h. 
As controls, cells without exposure to P RGD  LGOx  were considered. 
The cells were washed 2× in PBS and 110 µL cell medium con-
taining 10 µL of CCK-8 solution was added to each well and incu-
bated for 2 h at 37 °C in 5% CO 2 . Finally, 100 µL of the solution 
from each well was transferred to a 96-well plate and analyzed 
using a multimode plate reader (absorbance at 450 nm). Three 
independent repeats were conducted. The statistical signifi cance 
used to compare the distribution was determined using a two-way 
ANOVA with a confi dence level of 95% ( α  = 0.05), followed by a 
Tukey’s multiple comparison posthoc test ( *  p  < 0.05). 

  Glucose Dose Response : Macrophages were seeded in a 
96-well plate (50 000 cells per well) and allowed to attach over-
night at 37 °C in 5% CO 2 . The cells were then washed 2× with 
100 µL PBS and incubated with different concentrations of glucose 
for 6 or 24 h. The cells were washed 2× in PBS and 110 µL cell 
medium containing 10 µL of CCK-8 solution was added to each 
well and incubated for 2 h at 37 °C in 5% CO 2 . Finally, 100 µL of 
the solution from each well was transferred to a 96-well plate and 
analyzed using a multimode plate reader (absorbance at 450 nm). 
Three independent repeats were performed. 

  Imaging : Macrophages (100 000 cells per channel) were 
seeded in closed perfusion channels (µ-slide VI 0.4 six-well 
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ibiTreat channels) and allowed to attach at 37 °C in 5% CO 2  over-
night. The cells were then washed 2× with PBS and incubated with 
fl uorescently labelled P RGD  LGOx  for 6 h in a particle to cell ratio of 
10/1. After incubation, the cells were washed twice with 100 µL 
PBS; 100 µL PFA (4%) was added to each channel, washed twice 
with 100 µL PBS and washed once with 100 µL of 0.1% Triton-
X in PBS (T-PBS). 100 µL DAPI (1 µg mL −1  in PBS) was added to 
each channel and incubated for 30 min at room temperature in 
aluminum foil. The channel was then washed thrice in T-PBS and 
fi nally 100 µL PBS was added for storage. Confocal laser scanning 
fl uorescence microscopy was conducted using a Zeiss Axiovert 
microscope coupled to a LSM 700 confocal scanning module (Carl 
Zeiss, Germany) and a 100× oil-immersion objective.  
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