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Protein Transduction: Core-shell microspheres have been synthesised

and coupled to Ribonuclease A. Cellular uptake of these microspheres

causes significantly reduced levels of intracellular RNA and reduced cell

viability demonstrating that core-shell microsphere-mediated delivery of

active enzymes into cells is effective.
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Cellular uptake of ribonuclease A-functionalised 
core-shell silica microspheres 

G.F. Chimonides,a J.M. Behrendt,b E. Chundoo,a C. Bland,c A.V. Hine,d A. Devitt,c 
D.A. Nagel,d and A.J. Sutherland*a 

Analysis of protein function  in a cellular context  ideally requires physiologically representative  levels of 

that protein. Thus conventional nucleic acid‐based transfection methods are far from ideal owing to the 

over  expression  that  generally  results.  Likewise  fusions  with  protein  transduction  domains  can  be 

problematic  whilst  delivery  via  liposomes/nanoparticles  typically  results  in  endosomal  localisation. 

Recently  polymer microspheres  have  been  reported  to  be  highly  effective  at  delivering  proteins  into 

cells  and  thus  provide  a  viable  new  alternative  for  protein  delivery  (protein  transduction). Herein we 

describe  the  successful  delivery  of  active  ribonuclease A  into HeLa  cells  via  novel  polymer  core‐silica 

shell  microspheres.  Specifically,  poly(styrene‐co‐vinylbenzylisothiouronium  chloride)  core  particles, 

generated  by  dispersion  polymerisation,  were  coated  with  a  poly(styrene‐co‐trimethoxysilylpropyl 

methacrylate)  shell.  The  resultant  core‐shell morphology was  characterised  by  transmission  electron, 

scanning electron and fluorescence confocal microscopies, whilst size and surface charge was assessed 

by dynamic  light scattering and zeta‐potential measurements, respectively. Subsequently ribonuclease 

A was coupled to the microspheres using simple carbodiimide chemistry. Gel electrophoresis confirmed 

and quantified the activity of the  immobilised enzyme against purified HeLa RNA. Finally, the polymer‐

protein particles were evaluated as protein‐transduction vectors in vitro to deliver active ribonuclease A 

to HeLa cells. Cellular uptake of the microspheres was successful and resulted  in reduced  levels of both 

intracellular RNA and cell viability. 

 

Introduction 

The study of a protein’s activity within living cells is a 
fundamental requirement for understanding the role of that 
protein. Moreover such studies also offer insight into how to 
modify this role and even how to prevent the protein from 
fulfilling its normal function altogether. To this end a number 
of techniques for introducing proteins into cells have been 
developed. The most common of which are transfection-based 
methods,1 protein fusion-based methods,2 and 
liposomal/nanoparticle-based methods.3 
 Unfortunately, for the delivery of functional proteins each 
of these method types is problematic. Transfection of DNA 
followed by intracellular protein expression, for example, 
whilst effective at introducing functionally active proteins into 
a cell, relies on normal transcription and translation processes 
and as such both precludes careful quantitative analysis and 
typically results in intracellular protein levels being far higher 
than normal. As an alternative approach, proteins can be 
produced as fusions with peptide sequences that possess known 
cell penetrating capabilities. An example of such a sequence is 

YGRKKRRQRRR which is the protein transduction domain of 
the HIV-TAT protein.4 Unfortunately, when protein-fusions 
produced in this way are incubated with cells, they typically 
enter the cells by one of a number of different endocytosis-
based mechanisms e.g.  receptor-mediated endocytosis, 
macropinocytosis etc. Regardless of which precise endocytosis 
mechanism is used to effect cellular entry the process normally 
results in fusion with lysosomes, cellular organelles whose 
specific role is to degrade materials either no longer needed by 
the cell or else which have been taken up by the cell.5 A similar 
fate can befall entities delivered in liposomal preparations or 
indeed in/on nanoparticle preparations where again endocytosis 
is the typical mechanism of uptake for these delivery vectors. 
Consequently whilst relatively robust small organic molecules, 
such as pharmaceutical molecules, can be delivered effectively 
in vivo using transduction domains, liposomes, nanoparticles 
etc., functionally-active proteins are far more prone to 
lysosomal degradation and cannot be delivered reliably in this 
manner. 
 It has been shown recently, by chemical analysis, 
microscopic analysis and gene expression, that polymer-based 
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microspheres are taken up readily by all sorts of different cell 
lines via a non-endocytosis-reliant mechanism.6 Although it is 
difficult to discern the precise mechanism of uptake, it is 
thought to be via passive diffusion that involves a 
rearrangement of the cell membrane to allow the microsphere 
to pass through. This finding provides the opportunity for a 
good solution to the problem of functional protein delivery to 
cells. Originally observed and reported by the Bradley group7

, 
we and others have now also been able to show that 
polystyrene-based microspheres enter non-phagocytic cell lines 
easily and with very high efficiencies, typically more than 90 % 
of the cells take up microspheres following a simple incubation 
process. This is a remarkable phenomenon given the relative 
size of the microspheres involved (typical 1 – 2 microns in 
diameter) to the size of cells (typically eukaryotic cells are 10 – 
20 microns). Moreover the microspheres can carry molecular 
cargoes, such as siRNAs8 and even proteins,9, 10 with them into 
the cells. Pivotal for the delivery of functional proteins is the 
fact that this microsphere-based delivery method, termed 
beadfection, is non-endocytosis-based and thus enables the 
delivered proteins to avoid the harsh lysosomal environment.6 
 To date the only types of microsphere that have been 
employed in beadfection have been polystyrene-based. Silica-
containing materials have not yet been evaluated. This would 
be a logical extension since silica particles have been used for 
drug delivery and are noted for their biocompatibility.11 Indeed, 
highly cross-linked silica-based nano- and microspheres, 
generated using sol-gel chemistry, have been used for both 
chemical sensing12-16 and biomedical applications.17-29 Silica 
can also be used to coat polymer particles to form hybrid 
materials suitable for use in the body.11 Moreover the 
functionalised core-shell architecture that this approach creates 
is particularly attractive for beadfection since core and shell 
may bear different entities. For example, it would enable a 
reporter element, such as a fluorescent probe, to be located in 
the core whilst a protein may be attached to the shell.  
Our previous work on beadfection had centred on delivering 
green fluorescent protein (GFP) into cells, primarily so we 
could use the inherent fluorescence of the protein to study the 
beadfection process.9, 10 Whilst an excellent reporter element in 
its own right GFP does not chemically modify other molecules 
within the cell.30 Accordingly, a better test of the beadfection 
process for importing functional proteins would be to import a 
pharmaceutically relevant protein. Ribonuclease A (RNase) is 
just such a protein and degrades RNA by cleavage of the 
phosophodiester bond in the backbone following pyrimidine 
bases. Moreover, RNase has been identified by several groups 
as a potential anti-cancer agent.31,32 
 Herein we describe our new and refined approach to 
beadfection for the delivery of functional proteins into cells. 
Specifically the synthesis of polymeric-silica core-shell 
microspheres, prepared via seeded-emulsion and sol-gel 
polymerisation techniques is described. The multi-functionality 
of this system is exemplified by concomitant conjugation of 
two fluorescent probes and the functional protein, RNase. 
Finally, the delivery of the functional protein in vitro has been 

investigated with HeLa cells and demonstrates that the 
microspheres we have developed are an excellent platform with 
which to study functional protein transduction in vitro. 
 

Results and discussion 

Microsphere synthesis 

Dual-functionalised microspheres were synthesised by 
dispersion polymerisation of styrene-based core microspheres, 
followed by seeded-emulsion and sol-gel polymerisation of an 
outer shell (Scheme 1). Amine-functionalised microspheres 3 
produced in this way were characterised by scanning electron 
microscopy (SEM) and fluorescent confocal microscopy 
(Figure 1). The former showed the microspheres were roughly 
spherical and approximately 1 micron in diameter, whilst the 
latter confirmed the core-shell structure of the particles. 
Transmission electron microscopy (TEM) also supported the 
core-shell structure (see Supporting Information, Figure S5). 
Energy dispersive X-ray analysis (EDXA) of a single bead 
provided confirmation that the beads contained a high degree of 
both silica and oxygen (see Supporting Information, Figure S6). 
 

Scheme 1. Preparation of RNase‐functionalised microspheres 6 with a TR  (red)‐

labelled  core  and  FITC  (green)‐labelled  shell.  A:  i)  Texas  Red maleimide  (TR), 

DMF,  16h,  ii)  TMSPM,  styrene, DVB,  AIBN,  SDS,  H2O, N2,  70  °C,  5  hr  to  yield 

trimethoxysilane‐functionalised microspheres 2. B: APTMS, TEOS, FITC, NH4
+OH‐, 

H2O,  50  °C,  2  hr  to  yield  amine‐functionalised microspheres  3.  C:  SPDP, DMF, 

PBS, 1 hr to yield pyridyl‐functionalised microspheres 4. D: 3‐mercaptopropanoic 

acid, DMF, 1 hr to yield carboxylic acid‐functionalised microspheres 5. E: i) EDAC, 

MES  pH  5.5,  H2O,  1  hr,  ii)  RNase,  MES  pH  5.5,  H2O,  2  hr  to  yield  RNase‐

functionalised microspheres 6.  
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Figure  1.  Confocal  fluorescence  microscopy  and  SEM  micrographs  of  amine 

functionalised  core‐shell microspheres  3 with  TR  (red)‐labelled  cores  and  FITC 

(green)‐labelled shells. Confocal fluorescence images were obtained using a 488 

nm excitation  laser at 15 % power, and a 100× oil emersion objective with 12× 

zoom ; i) fluorescence emission collected in Channel 1 between 590 nm and 630 

nm,  ii)  fluorescence emission collected  in Channel 2 between 500 nm and 560 

nm,  iii)  overlay  of  Channel  1  and  Channel  2,  iv)  SEM  micrograph,  scale  bar 

represents 1 μm. 

The core-shell synthetic strategy permits orthogonal 
functionality where thiouronium-functionalised core and 
amine-functionalised shell can be exploited independently. This 
was exemplified by further derivatisation of amine-
functionalised microspheres 3 to produce RNase-functionalised 
microspheres 6 with two fluorescent markers (Texas Red in the 
core with a FITC-containing shell). 
 In a separate experiment, conjugation of RNase to the 
surface of the microspheres was assessed by fluorescence 
microscopy. This was achieved by the synthesis of core-shell 
microspheres without fluorescein isothiocyanate (FITC) in the 
silica shell 3a. After which, RNase partially labelled with FITC 
(for protocol see Supporting Information), was conjugated to 
these microspheres as depicted in Scheme 2. Fluorescence 
confocal microscopy confirmed the conjugation of RNase to the 
surface of the particles (Figure 2). As a control experiment the 
same procedure was conducted without the addition of the 
EDAC coupling reagent. Subsequent analysis of these control 
microspheres showed no fluorescence from the labelled RNase, 
verifying that non-specific adsorption of RNase did not occur 
(see Supporting Information). 

Characterisation of surface functionality 

Amine functionality: The sol-gel process presents a simple way 
of altering the extent of amine-functionalisation of the silica 
shell. Simply increasing the amount of APTMS, up to a 1:1 
ratio with TEOS, results in an increased loading of amine 
groups. This was quantified by a two-step assay35 with amine-
functionalised microspheres 3b. Firstly, Fmoc-Lys-(Fmoc)-OH 
was conjugated to the amine groups. Secondly, both Fmoc 
moieties were cleaved with DBU and amino acid loading 
quantified by the characteristic absorbance at 294 and 305 nm 
of the Fmoc cleavage product.35 These absorbance values were 
used to calculate the number of moles of cleaved Fmoc, and by 
extension the molar loading of our amine-functionalised 
microspheres 3b. This strategy also exemplifies this 
microsphere system as a versatile template for covalent 
attachment of other desired compounds. The assay confirms 
that the amine-loading can be tailored readily within a defined 
range of between 0.20 and 0.47 mmol g-1 (see Supporting 
Information). 
Carboxylic acid functionality: The carboxylic acid-
functionalised    microspheres    5c    were    conjugated   to   an 

 
 
Scheme 2. Preparation of variants of RNase‐functionalised microspheres used in 

different  experiments.  6a)  TR  (red)‐labelled  core,  unlabelled  shell  with  FITC 

(green)‐labelled RNase, 6b) no  labels and 6c) unlabelled core and FITC  (green)‐

labelled  shell.  Thiouronium‐functionalised  microspheres  1  synthesised  by 

dispersion polymerisation with 4‐VBTU, styrene, DVB, AIBN, PVP, EtOH, N2, 70 °C, 

16 hr. Followed by A: i) TR, DMF, 16h, ii) TMSPM, styrene, DVB, AIBN, SDS, H2O, 

N2, 70 °C, 5 hr to yield trimethoxysilane‐functionalised microspheres 2. B: APTMS 

[B  ii) with FITC], TEOS, NH4
+OH‐, H2O, 50  °C, 2 hr  to yield amine‐functionalised 

microspheres  3a,  3b  and  3c.  C:  SPDP,  DMF,  PBS,  1  hr  to  yield  pyridyl‐

functionalised microspheres 4a, 4b and 4c. D: 3‐mercaptopropanoic acid, DMF, 1 

hr to yield carboxylic acid‐functionalised microspheres 5a, 5b and 5c. E: i) EDAC, 

MES pH 5.5, H2O, 1 hr,  ii) RNase  [6a with FITC (green)‐labelled RNase], MES pH 

5.5, H2O, 2 hr to yield RNase‐functionalised microspheres 6a, 6b and 6c. 

 

Figure 2. Confocal microscopy  images of  core‐shell microspheres 6a having TR 

(red)‐labelled  cores,  unlabelled  shells  and  FITC  (green)‐labelled  RNase 

conjugated to  the outer shell.  Images were obtained using a 488 nm excitation 

laser  at  15  %  power,  and  a  100×  oil  emersion  objective  with  12×  zoom;  i) 

fluorescence emission collected  in Channel 1 between 590 nm and 630 nm,  ii) 

fluorescence emission collected  in Channel 2 between 500 nm and 560 nm,  iii) 

overlay of Channel 1, Channel 2 and the phase channel. 

alternative compound in order to verify the presence of 
carboxylic acid moieties, and, in turn, the success of the prior 
modification steps. Trimethoxysilyl-functionalised 2b, amine-
functionalised 3c, pyridyl-functionalised 4c and carboxylic 
acid-functionalised 5c microspheres were all subjected to 
EDAC coupling to BODIPY, to highlight the difference in 
surface chemistry of the microspheres. BODIPY is an amine-
functionalised fluorophore with characteristic emission at 
616 nm. As expected, inspection by fluorescence confocal 
microscopy showed successful conjugation only with the 
carboxylic acid-functionalised microspheres 5c (see Supporting 
Information). 
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Surface charge: Surface functionalisation of the microspheres 
at each synthetic step was characterised by zeta potential 
measurements (Table 1). As expected, thiouronium 1, pyridyl 4 
and RNase-functionalised microspheres 6 were positively 
charged, whilst trimethoxysilane 2, amine 3 and carboxylic 
acid-functionalised microspheres 5 were negatively charged. 
Amine-functionalised microspheres 3 gave an overall 
negatively charged zeta  potential  presumably  due to the high  

Table 1. Zeta potential measurements of microspheres at each stage of 
synthesis. 

Microspheres Zeta potential 
/mV 

FWH
M /mV 

Thiouronium-functionalised 
microspheres 1 

+7.26 2.17 

Trimethoxysilane-functionalised 
microspheres 2 

-44.45 2.82 

Amine-functionalised microspheres 3 -19.99 2.27 
Pyridyl-functionalised microspheres 4 +12.74 2.91 

Carboxylic acid-functionalised 
microspheres 5 

-18.74 2.77 

RNase-functionalised microspheres 6 +7.41 2.33 

 
number of silanol groups also present on the exterior of the 
microspheres. The positive charge conferred by the amine 
groups was identifiable by a zeta potential less negative 
(-19.99 mV) than that of trimethoxysilane-functionalised 
microspheres 2 (-44.45 mV). 
Functional group analysis: To compliment the characterisation 
of amine functionality, carboxylic acid functionality and zeta 
potential, infrared (IR) spectroscopy studies were carried out on 
microspheres 2b to 6b. Surface functional groups were low in 
number relative to the effective molar mass of the particles 
making their detection difficult. However, the differences 
between each spectrum were such that it was possible to make 
tentative assignments for each of the microspheres 2b to 6b 
based on characteristic peaks. IR spectra are provided in the 
Supporting Information. 

Activity of conjugated RNase 

One unit of RNase degrades 100 ng of RNA per second and 1 
mg of the RNase used in this study has approximately 35000 
units of activity. A preliminary experiment demonstrated that 
our microspheres have no inherent degradative activity, whilst 
RNase retains activity when immobilised.  Specifically, total 
RNA from HeLa cells was incubated with both carboxylic acid-
functionalised microspheres 5b and RNase-functionalised 
microspheres 6b and the products compared with intact HeLa 
RNA using gel electrophoresis (Figure 3). The similarity 
between the RNA products in lanes 1 (control) and 2 shows that 
RNA treated with microspheres alone remains intact.  In 
contrast, the small size of the product in lane 3 confirms there is 
high degradative activity displayed by RNase-functionalised 
microspheres 6b, as expected. 
 To estimate the quantity of accessible, active RNase 
immobilised on microspheres 6b, RNA degradation catalysed 
by decreasing quantities of native RNase was compared with 
  

Figure  3.  Gel  electrophoresis  to  compare  the  activity  of  carboxylic  acid‐

functionalised microspheres  5b  against  RNase‐functionalised microspheres  6b. 

Each reaction was carried out with 1.5 µg of RNA. Lane 1) No treatment, 2) 5 μg 

of carboxylic acid‐functionalised microspheres 5b (no RNase) for 5 minutes, 3) 5 

μg of RNase‐functionalised microspheres 6b for 5 minutes. 

RNA degradation catalysed by decreasing quantities of 
microspheres 6b. Specifically, aliquots containing 0.100, 0.075, 
0.050, 0.025 and 0.001 units of native RNase (2.86, 2.15, 1.43, 
0.72 and 0.03 ng, respectively) were compared with 1000, 100, 
10, and 1 ng of RNase-functionalised microspheres 6b under 
the conditions outlined in the Experimental section and the 
products examined by gel electrophoresis (Figure 4). The 
smaller the RNA product, the further it migrates in 
electrophoresis (towards the bottom of the gel).  Whilst the two 
discreet 28S and 18S are clearly visible in lanes 1 (untreated 

 
Figure  4.  Gel  electrophoresis  to  compare  the  activity  of  native  RNase  with 

RNase‐functionalised microspheres 6b. Each reaction was carried out with 1.5 µg 

of RNA for 3 minutes. Lane 1) control, no treatment, 2) 0.100 units of RNase, 3) 

0.075 units of RNase, 4) 0.050 units of RNase, 5) 0.025 units of RNase, 6) 0.001 

units of RNase, 7) 1000 ng of RNase‐functionalised microspheres 6b  (ca  0.050 

units  of  RNase),  8)  100  ng  of  RNase‐functionalised microspheres  6b  (ca  0.025 

units of RNase), 9) 10 ng of RNase‐functionalised microspheres 6b (ca 0.001 units 

of RNase), 10) 1 ng of RNase‐functionalised microspheres 6b. 
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Elmer UV/Vis Spectrometer Lambda 12. RNase activity was 
characterised by gel electrophoresis, and images obtained on a 
Syngene G:BOX HR1.4 with GeneSys software. Zeta potential 
measurements were recorded on a Brookhaven Zeta Plus. 

Synthesis of core-shell microspheres 

Dispersion polymerisation – synthesis of thiouronium-
functionalised polystyrene core microspheres 1: PVP (0.61 g, 
1.05 x 10-2 mmol) was dissolved in ethanol (50 ml) by 
sonication. AIBN (86 mg, 0.525 mmol) and 4-VBTU (120 mg, 
0.525 mmol) were dissolved in a mixture of styrene (6.0 ml, 
52.5 mmol) and DVB (75μl, 0.525 mmol). These solutions 
were subsequently combined with stirring at room temperature. 
The mixture and vessel were purged with N2 for 20 minutes, 
and subsequently heated to 70 °C. After for 16 hours the 
reaction was cooled to room temperature. To wash a 
microsphere latex dispersion, a simple three-step process was 
repeated. Firstly, the dispersion was centrifuged at 7000 x g for 
10 minutes, to make the polymer particles form a pellet. 
Secondly, the supernatant was decanted off. Finally, fresh 
solvent was added to the pellet and microspheres were re-
dispersed by vortex and/or sonication. However, sonication is 
incompatible with RNase-functionalised microspheres due to 
potential denaturation of the protein. The latex product was 
washed twice with methanol (2 x 100 ml) to remove any 
unreacted monomer and twice with DMF (2 x 100 ml). Finally, 
thiouronium-functionalised polystyrene microspheres 1 were 
re-suspended in DMF at a concentration of 500 mg per 50 ml.33 
Labelling of thiouronium-functionalised polystyrene core 
microspheres 1 with Texas Red maleimide*: TR in DMF (1 mg 
in 1 ml) was added to thiouronium-functionalised polystyrene 
microspheres 1 in DMF (500 mg, 50 ml) with shaking at room 
temperature for 16 hours. The TR (red)-labelled microspheres 
were washed twice with DMF (2 x 40 ml), twice with methanol 
(2 x 40 ml), twice with water (2 x 40 ml), and finally re-
suspended in SDS solution (20 mg SDS per 25 ml of water) at a 
concentration of 500 mg of microspheres in 25 ml. *It is 
important to note that when using microspheres in delivery to 
HeLa cells for confocal fluorescence microscopy assays TR 
was NOT included in the microsphere core. 
 
Seeded-emulsion polymerisation - synthesis of trimethoxysilyl 
propylmethacrylate shell 2: AIBN (63 mg, 3.8 x 10-4 mol) was 
dissolved in styrene (0.880 ml, 7.68 x 10-3 mol), DVB (54.5 μl 
(3.8 x 10-4 mol), TMSPM (191 μl, 8.7 x 10-4 mol) and 
hexadecane (129 μl, 4.4 x 10-4 mol). This initiator-monomer 
mixture was added to thiouronium-functionalised polystyrene 
microspheres 1 in SDS solution (500 mg, 25 ml) and mixed 
with continuous stirring at room temperature. Both mixture and 
vessel were purged with N2 for 20 minutes, and subsequently 
heated to 70 °C for 5 hours. After cooling to room temperature, 
the trimethoxysilane-functionalised core-shell microspheres 2 
were washed twice with water (2 x 40 ml), twice with methanol 
(2 x 40 ml), twice with water (2 x 40 ml), then finally re-
suspended in water (420 mg, 42 ml). 

Sol-gel extension of silica shell with tetraethylorthosilicate and 
aminopropyl trimethoxysilane – synthesis of amine-
functionalised microspheres 3: An aqueous solution of 
ammonium hydroxide 28 % w/w (400 μl) was added to 
trimethoxysilane-functionalised core-shell microspheres 2 in 
water (200 mg, 40 ml) with stirring at room temperature. 
200 µg of FITC* was added to APTMS (200 µl) and shaken for 
1 hour. After this time, TEOS (200 µl) was mixed with the 
FITC-APTMS, and the mixture immediately added to the 
microsphere 2 suspension. Subsequently, the vessel was heated 
to 50 °C for 2 hours with continual stirring. The reaction 
mixture was cooled to room temperature, and the resultant 
amine-functionalised microspheres 3 were then washed three 
times with water (3 x 10 ml) and finally re-suspended in water 
(100 mg, 10 ml). *It is important to note that when using 
microspheres in delivery to HeLa cells for confocal 
fluorescence microscopy assays, and microspheres used with 
FITC (green)-labelled RNase, FITC was NOT included in the 
silica shell. 

Modification of core-shell microspheres and conjugation of 
RNase 

Reaction of amine-functionalised silica shell with succinimidyl 
3-(2-pyridyldithio)propionate: SPDP in DMF (2 mg, 200 µl) 
was added to amine-functionalised microspheres 3 in PBS 
(100 mg, 10 ml) suspension with shaking for 1 hour at room 
temperature. The pyridyl-functionalised microspheres 4 were 
washed twice with water, once with DMF and finally re-
suspended in DMF (100 mg, 10 ml). 
Disulfide exchange of pyridyl functionalisation with carboxylic 
acid: 3-Mercaptopropanoic acid (40 µl) was added to pyridyl-
functionalised microspheres 4 in DMF (100 mg, 10 ml) 
suspension and mixed with shaking for 1 hour at room 
temperature. The carboxylic acid functionalised-microspheres 5 
were washed twice with DMF, once with MES and re-
suspended in MES (10 %, pH 5.5) (100 mg, 10 ml). 
EDAC coupling of RNase to carboxylic acid-functionalised 
microspheres: EDAC in water (1 mg, 1 ml) was added to 
carboxylic acid-functionalised microspheres 5 in MES solution 
(10 %, pH 5.5) (50 mg, 10 ml) and mixed with shaking for 1 
hour at room temperature. The microspheres were washed 
twice with MES (10 %, pH 5.5) and re-suspended in MES 
(10 %, pH 5.5). 2 mg of RNase in 1 ml MES (10 %, pH 5.5) 
was added to the EDAC-activated microspheres and mixed with 
shaking for 2 hours at room temperature. The RNase-
functionalised microspheres 6 were washed twice with ethanol 
to sterilise the microspheres, and finally re-suspended in 
DMEM at a concentration of 1 mg ml-1. 

Gel Electrophoresis 

The enzymatic activity of RNase-functionalised microspheres 
6b was assessed by reaction with purified RNA, and 
characterised by gel electrophoresis. Specifically, HeLa cells 
were seeded at 1 million cells per well, in 6-well plates in 
DMEM. After 24 hours, the RNA was harvested and purified 
with TRIzol® according to the manufacturer’s instructions. For 
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each reaction, a 1 ml centrifuge tube was charged with 1.5 µg 
of RNA in 15 µl of 200 mM sodium acetate, 10 mM Tris HCl 
buffer (pH 7.5). 5 µg of carboxylic acid-functionalised 
microspheres 5b, or 5, 1, 0.1, 0.01, or 0.001 µg of RNase-
functionalised microspheres 6b, or 2.86, 2.15, 1.43, 0.72 or 
0.03 ng of native RNase, in 15 µl of 200 mM sodium acetate, 
10 mM Tris HCl buffer (pH 7.5) were added to the RNA, 
mixed well and incubated for 1, 3 or 5 minutes at room 
temperature. After this time, 1 µl of sodium hypochlorite 
solution (11 – 15 % available chlorine) was added (with 
mixing) to each to terminate the degradation reaction. 
Subsequently, 4 µl of RNA loading buffer was added to each to 
give the final reaction mixture for gel electrophoresis. A gel 
electrophoresis system, suitable for RNA, was made based on a 
protocol described previously by Jorcyk and co-workers.34 
Specifically, a stock solution of TAE buffer was made up with 
120 g of Tris base dissolved in 300 ml of deionised water, and 
to this 28 ml of anhydrous acetic acid and 50 ml of EDTA 
(500 mM) solution. 20 ml of TAE buffer was added to 980 ml 
of deionised water and mixed thoroughly. 200 ml of this was 
transferred to a 500 ml Schott bottle with magnetic stirrer bar 
inside, and 2 g of agarose added. The mixture was stirred 
magnetically for 1 minute, and 2 ml of sodium hypochlorite 
solution (11 – 15 % available chlorine) was added. After this, 
the Schott bottle was removed from the stirrer plate and placed 
in the microwave with the lid fitted loosely, for a total of 2 
minutes at 600 W, with gentle stirring at 20 second intervals. 
Subsequently, the gel was allowed to cool down slowly on the 
bench top and stirred, until around 50 °C (comfortable to 
touch). After this time 5 μl of ethidium bromide (10 mg ml-1 in 
H2O) was added and stirred thoroughly before casting into the 
gel mould. The gel was covered, allowed to set by cooling to 
room temperature, then placed in the electrophoresis tray, and 
covered with the remaining 800 ml of TAE 1 % buffer. Each 
degradation reaction mixture was loaded into a lane in the gel 
and electrophoresed at a constant voltage of 8 V cm-1. The 
addition of hypochlorite, or bleach, inactivates all RNases in 
the system, to prevent any further degradation of RNA during 
the electrophoresis process.34  

 

Acridine orange assay with HeLa cells 

HeLa 229 (human epithelial cells) were cultured in Dulbecco’s 
modified Eagle’s medium /C high glucose (4.5 mg ml-1) 
supplemented with 10 % v/v foetal calf serum and 100 IU ml-1 
penicillin and 100 mg ml-1 streptomycin supplemented with 
non-essential amino acids (the complete mixture is referred to 
as DMEM). Glass coverslips (12 mm diameter) were sterilised 
and one placed in the bottom of each well in a 6-well plate. 
HeLa cells were seeded at 250000 cells per well, on top of the 
coverslips, in 3 ml of DMEM. After 12 hours incubation at 37 
°C, 5 % CO2, the cells had adhered to the cover slips. RNase-
functionalised microspheres 6b were prepared without TR or 
FITC fluorophores and suspended in DMEM. 0 µg (control), 50 
µg, 100 µg or 200 µg of RNase-functionalised microspheres 6b 

were then added to the wells and mixed evenly throughout the 
media. After 36 hours of incubation at 37 °C, 5 % CO2, excess 
media was removed from the well, and the cells on the 
coverslips were washed gently three times with 3 ml of PBS, 
using a pipette. Excess PBS was removed, and 150 µl of 
acridine orange in PBS (10 mg ml-1) was pipetted onto the cells 
on the coverslip and left for 5 minutes. The cells were again 
washed gently with PBS three times. Subsequently, the 
coverslips were carefully removed from the well with tweezers 
and placed cell-side down on microscope slides. The live cells 
were imaged immediately by fluorescence confocal 
microscopy. 

CellTiter-Blue® Cell Viability Assay 

HeLa cells were seeded in quadruplet into 96-well plates at 
5000 cells per well in 200 µl of DMEM, and incubated for 24 
hours at 37 °C, 5 % CO2. After this time, cells were treated with 
microspheres; 6.25, 3.13 or 1.56 µg of carboxylic acid-
functionalised microspheres 5b or RNase-functionalised  
microspheres 6b, or 335, 168 or 84 ng of native RNase was 
added to the wells, and control cells were left untreated. After 
48 hours of incubation at 37 °C, 5 % CO2, cells were washed (3 
x 100 µl) with phenol red-free DMEM, with an auto-pipette. 
CellTiter-Blue® reagent was diluted with phenol red-free 
DMEM in a 1:6 ratio, and 120 µl of the solution added to each 
well (20 µl CellTiter-Blue® reagent, 100 µl phenol red-free 
DMEM per well). Cells were incubated for a further 4 hours at 
37 °C, 5 % CO2 and absorbance measured at 570 nm. Results 
were averaged and used to represent percentage cell viability. 
Absorption of treated cells was expressed as a percentage of 
control cells, which were taken as 100 % viable. This 
experiment was repeated for five different passage numbers of 
cells. 
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