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1. General Information

Materials. Tert-butyl acrylate (/BA) and n-butyl acrylate (nBA) were purchased from Sigma-
Aldrich (Milwaukee, WI) and were purified by passing through an inhibitor removal column
(Sigma-Aldrich). Ethyl 2-bromopropionate (EBP), 2-hydroxyethyl acrylate, copper (I)
bromide (98%), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC), pyrene,
N,N,N’,N’,N’’-pentamethyldiethylenetriamine (PMDETA), trifluoroacetic acid (TFA),
ammonium persulfate (APS), tetramethylethylenediamine (TEMED), acrylamide, N,N’-
methylene bisacrylamide (MBA), 2,2-dimethoxy-2-phenylacetophenone (DMPA) and N-
vinylpyrrolidone (NVP) were purchased from Sigma-Aldrich (Milwaukee, WI) and were used
without further purification. Deionized water was obtained through a NANOpure Diamond
water purification system (Thermo Scientific, NH).

Instrumentation. '"H NMR spectra were recorded on a Bruker AV400 spectrometer using a
deuterated solvent (CDCl; or de-DMSO) containing 1% tetramethylsilane (Sigma-Aldrich) as
an internal reference. Gel permeation chromatograph (GPC) was obtained on a Waters GPC
(Milford, MA) system with a 2414 refractive index detector. THF were used as the mobile
phase and the flow rate was maintained at 1 mL/min. Data was analyzed using the Waters
Empower software by comparison to a calibration curve of narrow polystyrene standards
(Polysciences, Warrington, PA). FT-IR spectra were acquired using a Thermo Nicolet Nexus
670 spectrometer equipped with a DuraSamplIR II ATR accessory (SensIR Technologies) and
were analyzed with OMNIC software. The polymer powder was deposited on the silicon ATR
crystal and gently pressed down for the duration of the measurement. Spectra were taken at a
resolution of 4 cm™ from 550 to 4000 cm™, and an average of 128 scans was reported. A
background of the clean silicon crystal was subtracted from all sample spectra. Fluorescence
spectra were collected on a HORIBA Jobin Yvon SPEX Fluoromax-4 spectrafluorometer
(90 °C angle geometry, 1 cm x 1 cm quartz cell). Prior to the analysis, the stock solution with
a BCM concentration of 1 mg/mL was serially diluted with deionized water to 1 x 107
mg/mL. Steady-state fluorescence spectra of the pyrene/BCM solutions (the final
concentration of pyrene was 6 x 107 mol/L) were recorded under the following conditions:
excitation at 333 nm, slit width 3 nm for the excitation, and 1.5 nm for the emission. The
intensities of the bands I; at 372 nm and I5 at 383 nm were then evaluated, ratios of which
were plotted versus the polymer concentration. Dynamic light scattering(DLS) data were
acquired using a Malvern Zetasizer nanoZS instrument (Malvern Instruments, UK) at 25 °C
with a scattering angle of 173°. Micelle solutions (concentrations ranging from 0.1 to 1
mg/mL in DI H,0) were passed through a 0.22 um PVDF filter prior to analysis and
measurements were made in triplicate. Data were analyzed by Malvern’s DTS software using
a cumulant analysis with a single exponential fit. Bright field TEM imaging was performed on
a JEM-2000FX microscope operating at an accelerating voltage of 200 kV. Micelle samples
were prepared by applying a drop of micelle suspension (4 pL) onto a carbon-coated copper
TEM grid and allowing water to evaporate under ambient condition. Afterwards, a droplet of
freshly prepared aqueous solution containing saturated uranyl acetate (10 pL) was deposited
onto the dried samples. The excess solution was wicked away by a piece of filter paper, and
the sample was allowed to dry for TEM observation. Tensile tests were performed using a
Rheometrics Dynamic Mechanical Analyzer (RSA III, TA Instruments, New Castle, DE) at
25 °C. Hydrated samples were cut into a dumbbell shape with ASTM D412-06a standardized
sizes (length: 12 mm, width: 2 mm, thickness: 1-2 mm). The initial grip separation was 12
mm and the stretching speed was 100 mm/min. At least five specimens were tested for each
composition. The tensile modulus (kPa) was calculated as the slope of the initial linear portion
of the stress-strain curve. The stress (op) and strain (g,) at the breaking point were also
recorded.
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Statistical analysis. All quantitative measurements were performed on 3-5 replicates. All
values are expressed as means + standard deviations (SDs). Statistical significance was
determined using a two-tailed student #-test. A p value of less than 0.05 was considered to be
statistically different.

2. Polymer Synthesis and Micelle Assembly

Synthesis of poly(tert-butyl acrylate)-Br macroinitiator (PtBA-Br, Scheme S1A). Poly(tert-
butyl acrylate)-Br was synthesized by ATRP following our previously reported procedure.*®
A pale white powdery product with ~90% yield was obtained. GPC: M= 13.0 kg/mol, M,,/M;,
= 1.22;'"H NMR (CDCls, 400 MHz): & = 1.13 (t, CH3CH,0-), 1.45 (m, -C(CH3)3, 1.52 (br, —
CH,CH-), 1.78 (m, -CH>CH-), 2.20 (m, -CH,CH-), 4.05 (m, CH3CH,0— and -CH,CHBT,
overlapping). '"H NMR analysis indicated a polymer composition of P/BA -Br.

Synthesis of poly(t-butyl acrylate)-b-poly(n-butyl acrylate) (PtBA-b-PnBA, Scheme S1B).
P/BA-b-PnBA was synthesized as previously described.**Diblock copolymers with different
PnBA length was obtained by varying the reaction time from 1 to 4 h. A white powdery
product with ~70% yield was obtained. GPC: M,=15.2 kg/mol, My/M;=1.16 for P{BA o-b-
PnBAs, M;=22.0 kg/mol, M,/M,=1.11 for PBAp-b-PnBA4, M,=24.3 kg/mol,
My/M=1.26 for PrBAp-b-PnBA2s. '"H NMR (CDCls, 400 MHz): $=0.95 (t, CH;CH,-),
1.45 (m, —C(CH3)3), 1.42-1.68 (m, -CH,CH—-, —-CH,CH,CH,CH3 and —CH,CH,CH,CH3),
1.78 (m, -CH,CH-), 2.20 (m, -CH,CH-), 4.05 (m, -CH,CH,0-).

Synthesis of poly(acrylic acid)-b-poly(n-butyl acrylate) (PAA-b-PnBA, Scheme S1C). The
tert-butyl groups was removed from P/BA-b-PnBA via the treatment with trifluoroacetic acid
(TFA) for 48 h.The final product was obtained by removal of the solvent and TFA under
vacuum (yield: 80%). '"H NMR (DMSO-ds, 400 MHz): $=0.95 (t, CH;CHy-), 1.42-1.68 (m, —
CH,CH-, —CH,CH,CH,CH; and —-CH,CH>CH,CH3), 1.78 (m, -CH>CH-), 2.20 (m, —
CH,CH-), 4.05 (m, -CH,CH,0-).

Polymer modification(Scheme S1D) and micelle assembly. PAA-b-PnBA was allowed to
react with HEA to install the acrylate groups, as previously reported.® Upon completion of
the reaction, the mixture was dialyzed against deionized water for 3 days in the dark to
remove residual impurities and to form micelles simultaneously. 'H NMR (DMSO-d;, 8):
0.95 (t, CH3CHy-), 1.42-1.68 (m, -CH,CH-, —-CH,CH,;CH>— and -CH,CH;CH>-), 1.78 (m, —
CH,CH-), 2.20 (m, -CH,CH-), 3.85-4.40 (m, —CH,CH,CH,0O-, —OCH,CH,0O— and —
OCH,CH,0-), 5.80-6.40 (CH,=CH— and CH,=CH~-).
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Scheme S1. Synthesis of poly (acrylic acid-graft-hydroxyethyl acrylate)-block-poly (n-butyl
acrylate) [(PAA-g-HEA)-b-PnBA]. n=100, m=16, 40 and 125.
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Figure S1. "H NMR spectra of PBAg0-b-PnBAs (top), PtBAgo-b-PnBA4 (middle) and
PtBA 00-b-PnBA |25 (bottom) (solvent: CDCl3).

The molecular weight of each block was calculated based on the integration of two
characteristic '"H NMR peaks from P/BA-b-PnBA (a, f). Peak a resulted from the methyl
protons at the end of n-butyl acrylate side chain (CH3;CH,CH,CH,, designated as Aggs) and
peak f at 2.20 ppm resulted from the methenyl protons at both PrBA and PnBA backbone (-
CH,CH-, designated as Ajz). Thus, the ratio of PuBA to PrBA can be calculated as

—(Boos/3) Considering the '"H NMR spectrum of PfBA-Br, the calculated degree of
Az20—Ao.95/3

polymerization for P/BA is ca. 100. Therefore, PtBA ¢-b-PnBA s, PtBA00-b-PnBA4y and
PtBAloo-b-Pl’lBAlzj were obtained.



Electronic Supplementary Material (ESI) for Soft Matter
This journal is © The Royal Society of Chemistry 2012

——PtBA,  -Br
——PtBA -b-PnBA
——PtBA -b-PnBA,,
——PtBA  -b-PnBA

9 10 1 12 13 14 15 16 17

~—
00

Elution time (mins)

Figure S2. GPC traces of P/BA-Br macroinitiator (black line, M, = 13.0 kg/mol, PDI = 1.22),
PtBA ¢o-b-PnBA ¢ diblock copolymer (red line, M,, = 15.2 kg/mol, PDI = 1.16), PtBAo-b-
PnBA4odiblock copolymer (blue line, M;, = 22.0 kg/mol, PDI = 1.11) and PtBA ¢0-b-PnBA 25
diblcok copolymer (green line, M, = 24.3 kg/mol, PDI = 1.26). The GPC results confirmed
the progressive increase of polymer molecular weight at a longer polymerization time.
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Figure S3. Representative '"H NMR spectra of PtBA¢o-b-PnBA 1,5 (top, solvent: CDCls) and
PAA po-b-PnBA 55 (bottom, solvent: de-DMSO).

The 'H NMR results showed that the relative peak intensity for the methyl protons from the #-
butyl (-C(CH3)3) group at 1.2~1.8 ppm to that of the methyl proton peak from the n-butyl
group at 0.95 ppm (CH3CHy-) has decreased significantly. '"H NMR analysis indicated 100%
deprotection.
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Figure S4. Representative ATR-FTIR spectra of P1BApo-b-PnBA 6 (black) and PAA-b-PnBA

(red).

The ATR-FTIR spectrum shows the broadening of peaks at 1710 cm” (C=O stretch,
carboxylic acid) and 2500-3500 cm™ (O-H stretch, carboxylic acid stretch) and the decreasing
of peak intensity at 3000 cm™ (C-H stretching) after the removal of the fert-butyl groups.
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Figure Ss. 1H NMR spectra of (PAA]()()-g-HEAz())-b-PI’lBAls, (PAA100-g-HEA20)-b-PI’lBA40
and (PAA100-g-HEA20)-b-PnBA125 (solvent: dé-DMSO)

The degree of modification was calculated based on the integration of three peaks at 5.80-6.40
ppm from the methylene (-CH,=CH-) and methenyl protons (CH,=CH-) (designated as As go.
6.40) and the peak at 0.95 ppm resulted from methyl protons at the end of n-butyl acrylate side
chain (CH;CH,CH,CH,, designated as Agos) in the NMR spectra of the final product (Figure

% X DPPnBA/DPptBAX 100,

is independent of the polymer molecular weight. Thus, the final products were designated as
(PAA]()()-g-HEAzo)-b-PI’lBA16,(PAA1oo-g-HEAzo)-b-Pl’lBAw, and PAAloo-g-HEAzo)-b-
PI’lBA]zs.

S5). The degree of acrylate modification, calculated from
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3. Micelle Characterization
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Figure S6. TEM images of BCM16 (A), BCM40 (B) and BCM125 (C) and DLS intensity
profile of BCM16 (black curves), BCM 40 (pink curves) and BCM125 (blue curves) in DI
H,O (D).
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Figure S7. Critical micelle concentration (CMC), as measured by pyrene fluorescence, was
found to decrease with increasing hydrophobic length, i.e. 3.3 £ 0.9 pg/ml for BCM 16, 2.9 +
0.6 pg/ml for BCM 40 and 1.0 + 0.2 pg/ml for BCM 125.
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4. Hydrogel Synthesis and Characterization

Synthesis of BCM-PAAm gels. BCM-crosslinked PAAm (BCM-PAAm) gels were prepared
by free radical polymerization of AAm in the presenece of various crosslinkable BCMs,
following our previously reported procedure using a redox initiator pair.”® Specifically, 0.5
mL of BCM solutions (15 mg/mL) was separately mixed with 250 mg of AAmin a
scintillation vial. To this mixture was added 5 uL of N, N, N”, N "“tetramethylethylenediamine
(TEMED) and 10 pL of freshly made ammonia persulfate (APS) solution (64 mg/mL in DI
water). Immediately upon mixing, the solution was rapidly loaded into a square-shaped
Teflon mold (0.57%0.5"). The mold was sealed with a Teflon lid and the reaction was allowed
to occur overnight. The resultant BCM-PAAm gels were allowed to reach equilibrium
swelling state prior to the mechanical tensile testing. Control gels were prepared using the
same method by substituting the BCM solution with N, N'-methylene bisacrylamide solution
at a concentration of 0.5 mg/mL.

Hydrogel sol fraction and swelling ratio. BCM crosslinked hydrogels were dried at 37 °C
for two days and the initial dry weight (W;) was recorded. After equilibrating in DI water at
37 °C for two days, the wet weight of the swollen gels (W) was recorded. The swollen gels

were dried again at 37 °C for two days and the final dry weight (W) was recorded. The
_WS
w;’

equilibrium swelling ratio (SW) was determined by SW
W;—W¢

and the sol fraction (SF) was

calculated according to SF= X 100 .Three repeats were tested for each hydrogel

i
composition.

Table S1. Hydrogel composition, sol fraction (SF) and equilibrium swelling ratio (SW).

Sample ID SF (%) SW
BCM16-PAAmM 140 £1.3 41.5+6.5
BCM40-PAAmM 150+ 1.8 534+62
BCM125-PAAmM 154+3.9 57.8+ 8.4

Microscopic characterization of micelle deformation. The microscopic deformation of
BCM-PAAm gels was assessed via cross-sectional TEM imaging. The as-synthesized
BCM16-PAAm gels were held at a constant strain of 0, 60 or 200% while being dried at
ambient temperature for at least 24 h. The dry samples were then was cut into ~75 nm thin
sections using a Reichert Jung microtome. Prior to imaging, a drop (10 uL) of uranyl acetate
solution was added on the TEM grid for 40 seconds and images were acquired immediately
after the removal of solvent.

Preparation of pyrene-loaded BCM16-PAAm gels. Pyrene was dissolved in DMSO at a
concentration of (100 pug/mL). Five microliter of pyrene/DMSO solution was added to 5 mL
of pre-assembled BCM16 solution (1.5 wt%) and the mixture was stirred overnight. Pyrene-
loaded BCMs were then removed by centrifugation at 14,000 rpm for 10 min using Ultra-0.5
centrifugal filter units with aultracel-100 membrane (MWCO: 100 kDa, Millipore, Billerica,
MA). The fluorescent intensity of the filtrate was subsequently measured. The encapsulation

efficiency  (EE) was  calculated based on  the  following  equation,
EE=amount of pyrene loaded into the BCMs (mg)

amount of pyrene added mitially (mg) X 100. Subsequently, pyrene-loaded BCMs were

12
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used to crosslink PAAm as described above. The precursor solution was immediately injected
into a ring-shaped Teflon mold (inner diameter of the ring: 8 mm; the outer diameter of the
ring: 14 mm) for gelation. The mixture was kept in dark for overnight at room temperature to
allow the reaction to complete. Hydrogels were subsequently equilibrated in PBS buffer
(pH=7.4) for one day before the pyrene release study was initiated.

Evaluation of pyrene release. The ring-shaped hydrogel was immersed in 30 mL PBS buffer
and was stretched using a custom-made, stepper-motor driven stretcher (Figure S10) which
can dynamically stretch the hydrogel up to 60% strain at a constant speed of 4 mm/s and 12
cycles per minute. Three milliliter release media was withdrawn every 5 min with a 10 mL
pipette and the buffer was replenished with 3 mL fresh PBS solution. Control experiments
were conducted under static conditions. The amount of pyrene released was monitored using
HORIBA JobinYvon SPEX Fluoromax-4 spectrafluorometer with excitation wavelength at
333 nm with 3 nm slit width and emission wavelength at 372 nm with 1.5 nm slit width.

Figure S8. TEM image of BCM16-PAAm gels stretched to 60% strain.

Figure S9. TEM images of PAAm gels crosslinked by N, N’-methylene bisacrylamide
stretched to 0% (A) and 60% strain (B).
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Figure S10. Digital picture of the custom designed, stepper-motor driven stretcher for the
evaluation of stretch-induced pyrene release from BCM-PAAm gels.

14




<<
  /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
  /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

  /CreateJDFFile 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


