
Supporting Inforamtion 

 
Mesoporous silica nanoparticles with redox-responsive 

surface linkers for charge-reversible loading and release of 

short oligonucleotides 

Jixi Zhang,a Minna Niemelä,b Jukka Westermarck,b, c and Jessica M. Rosenholm a* 
 
 

a Centre for Functional Materials Laboratory for Physical Chemistry Department of Natural Sciences Åbo Akademi 

University Porthansgatan 3–5, Turku 20500, Finland. Fax: +358 22330228; Tel: +358 2215 3255; E-mail: jerosenh@abo.fi 
b Turku Centre for Biotechnology, University of Turku and Åbo Akademi University, Tykistökatu 6A, Turku 20520, Finland. 

Fax: +35822518808; Tel: +358407423007; E-mail: jukwes@utu.fi 
c Department of Pathology, University of Turku, Kiinamyllynkatu 10, Turku 20520, Finland 

* Address correspondence to jerosenh@abo.fi 

 
1. Particle characterizations 

Transmission electron microscope (TEM) images were obtained by a JEM-1400 Plus (JEOL, Japan) instrument 

with 120 KV acceleration voltages in order to investigate the size, morphology and structure of the nanoparticles. 

Samples were dried on holey carbon-coated Cu grids.  

Scanning electron microscopy (SEM) measurements were performed with a Zeiss DSM 962 microscope 

operated at an accelerating voltage of 10.0 kV, in order to investigate the morphological properties of the 

particles. Before scanning, the samples were coated with gold using a vacuum evaporator. 

X-ray diffraction (XRD) measurements were performed using a Kratky compact small-angle system (Hecus 

Braun, Austria). The system is equipped with a position-sensitive detector consisting of 1024 channels of 55.5 

µm width each. A Seifert ID-300 X-ray generator, operating at a maximum intensity of 50 kV and 40 mA 

provided the Cu KR radiation at λ=1.542 Å. Detailed experimental procedures were described earlier in our 

previously published article.1 

Nitrogen sorption isotherms were measured with a ASAP2010 analyzer (Micromeritcs, USA). Before 

measurements, the samples were dried in a vacuum oven at room temperature for 24 h, and outgassed in the 

instrument at 60 °C for 24 h. The specific surface areas were calculated by the Brunauer-Emmett-Teller (BET) 

method2 in a linear relative pressure range between 0.05 and 0.25. The pore size distributions were derived from 

the desorption branches of the isotherms by the NLDFT method3 using NLDFT kernel file developed for silica 

exhibiting a cylindrical pore geometry. The totoal pore volumes were derived by the nitrogen sorption amount at 

the relative presure values where the capillary condensation of the primary mesopores finished, in order to 

exclude the contribution from the textual porosity of the nanoparticles.4 
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The FT–IR spectra were collected over the range of 4000–400 cm-1 on a Spectrum 100 infrared 

spectrophotometer (Perkin Elmer, USA) using KBr technique. 

The zeta potentials of the samples were measured at a particle concentration of 0.25 mg mL-1 using dynamic light 

scattering (DLS) techniques by a Zetasizer Nano instrument (Malvern, UK) at 25°C. 

Circular dichroism spectra were collected by a Jasco J-810 spectropolarimeter equipped with a Peltier 

temperature control device. The samples were located in 1.00 cm path length cuvettes, and measurements were 

carried out at 25°C. The spectral resolution is ±0.1 nm.  

2. Quantitative determination of amino groups on the particle surface 

In order to determine the surface density of accessible primary amines functionalized on MSN-NH2 particles, we 

employed a simple, fast and relatively harmless ninhydrin-based method. Ninhydrin (2, 2-dihydroxyindane-1, 3-

Dione) destroys each primary amine to form a deep purple chromogen referred to as Ruhemann's Purple, which 

has a maximum absorption at about 580 nm. For particle samples, the colored product formed has the 

“sequestered” nitrogen atom of primary amine which was tested, and thus the nitrogen atom “immobilized” on 

the solid substrate is extracted by the ninhydrin molecule and becomes part of the colored species in the test 

solution.5 The standard curve for the determination was made by using 3-aminopropyltrimethoxysilane (APTMS) 

as a standard material. Typically, 1 mL of ninhydrin solution in ethanol (3.5 mg mL-1) was mixed with 0.2 mL 

ethanol solutions of APTMS with different amounts (1–20 µmol) in a vial. Subsequently, the vials were capped 

to avoid the loss of solvent and then transferred to a heating bath at 100 °C. After the solutions were stirred at the 

same temperature for 8 min, the vials were taken out and cooled to room temperature. Finally, the absorption 

values of the solutions were measured at 580 nm using a UV-Vis Spectrophotometer (NanoDrop 2000c, 

Thermo). The measurements for MSN-NH2 samples followed the same procedure except that 5 mg of the 

particles were used instead of APTMS and the sample solutions were sonicated for 10 min prior to the heat 

treatment. 

3. Measurement of surface linker density by disulfide bond quantification 

To determine the grafting density of disulfide-containing surface linkers after the modification steps, the as-

prepared MSN-Linker-Cys particles were treated with DTT to get thiol groups terminated organic functions. The 

grafting density can be indicated by the surface thiol groups density measured by the Ellman’s reagent method, 

in which thiol groups react with 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) to give UV detectable 5-

thionitrobenzoic acid.6 Typically, 0.5 mg MSN-Linker-Cys particles were treated with 2 mL DTT solution (10 

mM in PB buffer) at room termperature for 5 h. Afterwards, the reduced product were centrifuged from the 

solution, and then washed with water three times to remove reduced species. Subsequently, the particles were 

redispersed in 0.2 mL PB buffer and 1 mL of DTNB solution (25 mM in PB buffer) was added. After 10 min of 

reaction, the particles were separated by centrifugation and the absorption value was measured at 412 nm using a 

UV-Vis Spectrophotometer (NanoDrop 2000c, Thermo). For the preparation of a standard curve, 2-

aminoethanethiol was used instead of DTT treated particle samples. The same procedures were followed and 0.2 

mL of  2-aminoethanethiol solutions at different concentrations (0.5–5 mM) were mixed with 1 mL of DTNB 

solution for UV measruements. 

4. Measurement of disulfide cleavage/reduction ratio in response to reducing agents 
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To determine the changing of disulfide cleavage ratio of MSN-Linker-Cys in response to reducing agents, the as-

prepared MSN-Linker-Cys particles were treated with 10 mM DTT/GSH in HEPES buffer (pH 7.4) for different 

time periods. Typically, 0.5 mg MSN-Linker-Cys particles were suspended in 2 mL DTT/GSH solution (10 mM 

in PB buffer) at room termperature. At different time intervals after incubation, the reduced product were 

centrifuged from the solution, and then washed with water three times to remove reduced species. Subsequently, 

the particles were redispersed in 0.2 mL PB buffer and 1 mL of DTNB solution (25 mM in PB buffer) was added. 

After 10 min of reaction, the particles were separated by centrifugation and the absorption value was measured at 

412 nm using a UV-Vis Spectrophotometer (NanoDrop 2000c, Thermo). The thiol groups density of the reduced 

particles was then calculated, and the disulfide cleavage ratio was obtained by comparing with the total disulfide 

bond density as determined from the procedures above. 

5. Supporting figures 

 
Fig. S1. Pore size distributions of the as-prepared amino-co-condensed MSNs with small (MSN-NH2-SP, a), 

medium (MSN-NH2-MP, b), and large (MSN-NH2-LP, c) pore sizes and their corresponding products after 

succinylation (MSN-COOH) and conjugation with cystamine (MSN-Linker-Cys), derived from their desorption 

branch of the nitrogen sorption isotherms by the NLDFT method. 

 
Fig. S2. Comparison of DNA adsorption amount and zeta potential for MSN-Linker-Cys-MP particles at varying 

pH values. An initial DNA concentration of 0.3 mg mL-1 and a particle concentration of 1 mg mL-1, at which a 

saturated DNA loading was realized in the adsorption kinetics, were used for all experiments. A particle 

concentration of 0.25 mg mL-1 was used for zeta potential measurements. Solution pH values were tuned by 

using 0.1 M NaOH/HCl. 
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Fig. S3. Circular dichroism spectra of DNA and DNA loaded MSN-Linker-Cys in MES buffer (pH 5). DNA 

loaded MSN-Linker-Cys particles for the measurement was prepared from a saturated adsorption of DNA onto 

0.3 mg MSN-Linker-Cys-MP particles. A DNA concentration of 0.05 mg mL-1 in the measurement solution was 

used for both free DNA and DNA loaded MSN-Linker-Cys-MP. 

CD spectrum of free DNA in solution presents a positive peak at around 280 nm corresponding to base-pair 

packing and a negative peak at around 244 nm corresponding to helicity, indicating a typical B form of DNA. In 

comparison, the positive maxima of the DNA CD spectrum at 280 nm and at 220 nm decreased after they were 

loaded in MSN-Linker-Cys particles by adsorption. It can be also observed that the intensity of the negative band 

centered around 244 nm is enhanced and shifted to positive values.This anomalous CD spectrum is quite silimar 

to that of a +Ψ spectrum reported for DNA in systems where charge neutralization of DNA phosphate groups 

takes place at certain degrees.7 However, the origin of the anomalous CD spectra might be attributed to 

condensed A-form DNA which was also found in systems of polycations and lipid bilayers.8 In our MSN system, 

the conformation change and the condensation should be resulted from the adsorption of DNA onto MSN 

surfaces. 

References 

1  J. M. Rosenholm and M. Lindén, Chem. Mater., 2007, 19, 5023-5034. 

2  S. Brunauer, P. H. Emmett and E. Teller, J. Am. Chem. Soc., 1938, 60, 309-319. 

3  P. I. Ravikovitch, D. Wei, W. T. Chueh, G. L. Haller and A. V. Neimark, J. Phys. Chem. B, 1997, 

101, 3671-3679. 

4  J. Zhang, X. Li, J. M. Rosenholm and H.-c. Gu, J. Colloid Interface Sci., 2011, 361, 16-24. 

5  E. Soto-Cantu, R. Cueto, J. Koch and P. S. Russo, Langmuir, 2012, 28, 5562-5569. 

6  G. L. Ellman, Arch. Biochem. Biophys., 1959, 82, 70-77. 

7  V. A. Bloomfield, Biopolymers, 1997, 44, 269-282. 

8 (a) H. Damaschun, G. Damaschun, M. Becker, E. Buder, R. Misselwitz and D. Zirwer, Nucleic 

Acids Res., 1978, 5, 3801-3810; (b) A. Walter and G. Luck, Nucleic Acids Res., 1977, 4, 539-550; (c) 

A. Michanek, M. Bjorklund, T. Nylander and E. Sparr, Soft Matter, 2012, 8, 10428-10438. 

 

 

Electronic Supplementary Material (ESI) for Dalton Transactions
This journal is © The Royal Society of Chemistry 2014



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles false

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Gray Gamma 2.2)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.6

  /CompressObjects /Off

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJDFFile false

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends false

  /DetectCurves 0.0000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize false

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage false

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Remove

  /UsePrologue false

  /ColorSettingsFile (Color Management Off)

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 150

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages false

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 150

  /ColorImageDepth 8

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /FlateEncode

  /AutoFilterColorImages false

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /ColorImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 150

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages false

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 150

  /GrayImageDepth 8

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /FlateEncode

  /AutoFilterGrayImages false

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /GrayImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages false

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /FlateEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /Description <<

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>

    /DEU <>

    /ESP <>

    /FRA <>

    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)

    /JPN <>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /PTB <>

    /SUO <>

    /SVE <>

    /ENG ()

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

>> setdistillerparams

<<

  /HWResolution [600 600]

  /PageSize [595.276 779.528]

>> setpagedevice



