J Nanopart Res (2013) 15:1635
DOI 10.1007/s11051-013-1635-0

RESEARCH PAPER

Surface chemistry and size influence the release of model
therapeutic nanoparticles from poly(ethylene glycol)

hydrogels

Stephanie L. Hume - Kavita M. Jeerage

Received: 18 October 2012/ Accepted: 3 April 2013

© Springer Science+Business Media Dordrecht (outside the USA) 2013

Abstract Nanoparticles have emerged as promising
therapeutic and diagnostic tools, due to their unique
physicochemical properties. The specific core and
surface chemistries, as well as nanoparticle size, play
critical roles in particle transport and interaction with
biological tissue. Localized delivery of therapeutics
from hydrogels is well established, but these systems
generally release molecules with hydrodynamic radii
less than ~5 nm. Here, model nanoparticles with
biologically relevant surface chemistries and diame-
ters between 10 and 35 nm are analyzed for their
release from well-characterized hydrogels. Function-
alized gold nanoparticles or quantum dots were
encapsulated in three-dimensional poly(ethylene gly-
col) hydrogels with varying mesh size. Nanoparticle
size, surface chemistry, and hydrogel mesh size all
influenced the release of particles from the hydrogel
matrix. Size influenced nanoparticle release as
expected, with larger particles releasing at a slower
rate. However, citrate-stabilized gold nanoparticles
were not released from hydrogels. Negatively
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charged carboxyl or positively charged amine-func-
tionalized quantum dots were released from hydro-
gels at slower rates than neutrally charged PEGylated
nanoparticles of similar size. Transmission electron
microscopy images of gold nanoparticles embedded
within hydrogel sections demonstrated uniform par-
ticle distribution and negligible aggregation, inde-
pendent of surface chemistry. The nanoparticle-
hydrogel interactions observed in this work will aid
in the development of localized nanoparticle delivery
systems.
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Hydrogel - Quantum dots - Surface functionalization

Introduction

Nanoscale therapeutics are rapidly emerging due
largely to their ability to enter cells, move through
the bloodstream, cross the blood—brain barrier, and
carry a high therapeutic payload. Many nanoscale
vectors, including viruses, liposomes, and nanoparti-
cles, are capable of effectively transporting drugs or
nucleic acids to cells. Nanoparticles, in particular, are
an extremely versatile and practical delivery tool, as
the properties of their core and shell structures can be
independently tailored. This allows for incorporation
of both diagnostics and therapeutics, whereby parti-
cles are fabricated to enhance imaging contrast or
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targeting, simultaneous with controlled release of
drugs or nucleic acids. Due to these unique features,
nanoparticles have received attention for biosensing
and bioimaging, targeted recognition of cancerous
cells, and treatment of tumors.

Many early approaches to nanoparticle delivery in a
biological environment involve systemic circulation,
allowing particle exposure to many cell types and
regions of the body (Alexis et al. 2008). Due to the
enhanced permeability and retention effect, where
macromolecules (Matsumura and Maeda 1986) or
nanoparticles (Bartlett et al. 2007) accumulate at higher
densities in tumor tissue, this approach has been highly
successful for cancer applications. However, achieving
the correct therapeutic dosage to an affected area can be
difficult. If too many particles are administered system-
ically they can negatively impact other tissues, whereas
too few particles lead to an inadequate dose reaching the
affected area. In cases where the target is not a tumor,
systemic dosing becomes especially difficult. In these
cases, a localized delivery may provide more effective
therapy. Localized delivery has been explored for
drug release from implantable hydrogel-coated stents
(Farb et al. 2001), from implanted hydrogel into
bone tissue (Ramchandani and Robinson 1998), or
from hydrogels into the injured spinal column (Perale
et al. 2012). As nanoparticle-based therapies evolve,
localized drug delivery approaches may need to be
redesigned to account for the unique properties of
nanomaterials.

We hypothesize that hydrogel platforms previously
developed for drug delivery can be effectively trans-
lated for use in nanoparticle delivery. Poly(ethylene
glycol) (PEG) has been well studied as a polymeric
matrix from which biomolecules can be released
(Peppas et al. 2000; Lin and Anseth 2009). PEG is
bioinert, hydrophilic, and its mesh size can be tuned to
manipulate diffusion, and, therefore, release of biomol-
ecules, from the hydrogel network. The release of small
dye molecules (Watkins and Anseth 2005), macro- and
nano-scale fluorescently tagged spheres (Brandl et al.
2010) and active drugs (Peppas et al. 2000), have been
characterized. Although many therapeutic particles are
very large (>100 nm), prohibiting their release from
most PEG hydrogel systems, nanoparticles would be
good candidates for hydrogel release, as proteins with a
hydrodynamic radius of less than 10 nm can success-
fully diffuse through PEG hydrogel networks (Engberg
and Frank 2011). Nanoparticle size is expected to
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influence diffusion, but surface chemistry should also
be considered during design of release, since nanopar-
ticles have uniform surface properties compared to
proteins. Depending on physicochemical proper-
ties, substantial aggregation is possible, which can
influence initial distribution and release from a hydro-
gel network.

Nanoparticles have been encapsulated or tethered
within hydrogel matrices to encourage growth of
tissue (Chung et al. 2007), cell transfection (Krebs
et al. 2010; Kidd et al. 2012), and improve mechan-
ical properties (Bait et al. 2011; Chang et al. 2010).
Mesh size and particle size influence diffusion and
release of nanoscale dextrans from PEG hydrogels
(Brandl et al. 2010). However, to our knowledge, no
previous work has characterized passive release of
functionalized nanoparticles where surface chemistry
and size can be independently varied. Many particle
systems, including gold nanoparticles (AuNPs) or
quantum dots (QDs), are amenable to such studies.
AuNPs are bioinert, are generally considered non-
toxic, and have potential in many therapeutic appli-
cations, notably cancer therapies (Llevot and Astruc
2012; Kumar et al. 2012) and as drug delivery
systems (Duncan et al. 2010). QDs are intrinsically
fluorescent and, therefore, easy to track. Recent
advances have improved coatings to make these
particles more biocompatible, making medical appli-
cations feasible (Azzazy et al. 2007). QDs have been
heavily studied as diagnostics, whereby antibodies
conjugated to their surfaces target specific cells (Gao
et al. 2004; Sukhanova et al. 2012). Theranostics, the
incorporation of therapeutics into diagnostics, have
employed QDs despite concerns over their long-term
toxicity. Although many theranostic systems are
composed of large liposomes (several hundred
nanometers in diameter), Bagalkot et al. simulta-
neously conjugated a therapeutic and a targeting
function in an outer surface layer surrounding the QD
(Bagalkot et al. 2007).

Both bioinert and biologically relevant functional
groups are often present at the surface of nanoparticles
designed for therapeutic applications. These surfaces
can influence release from hydrogel networks, as well
as nanoparticle efficacy. PEG and other bioinert
surfaces give particles a “stealth” coating (Gref
et al. 1994; Owens and Peppas 2006; Otsuka et al.
2003). By minimizing non-specific binding of plasma
proteins, thereby blocking macrophage recognition,
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stealth coatings lead to longer nanoparticle retention in
the bloodstream (Alexis et al. 2008) and may allow
penetration of the blood-brain barrier (Calvo et al.
2001; Wohlfart et al. 2012). Bioconjugation of
charged molecules, such as amine or carboxyl groups,
is a common nanoparticle surface modification in
addition to the native particle chemistry or a stealth
coating. Often, these groups are incorporated onto the
surface in an effort to bind functional drugs (Taylor
et al. 2010) or antibodies (Veiseh et al. 2009).
Yezhelyev et al. simultaneously conjugated both
carboxyl and tertiary amine groups to quantum dots
in a successful effort to improve siRNA delivery to
cells (Yezhelyev et al. 2008). Promising cancer
nanotherapies have emerged through conjugation of
drugs with neutral side groups (Dreaden et al. 2009),
hydroxyl groups (Hwu et al. 2009; Liu et al. 2010)
(Wang et al. 2011), mixed amine and hydroxyl groups
(Asadishad et al. 2010; Lu et al. 2012; Mirza and
Shamshad 2011), or amine groups only (Taylor et al.
2010) to the nanoparticle surface.

In this work, we designed a PEG hydrogel system
such that mesh size could be tailored to be larger
than or smaller than the nanoparticle diameter, which
was tightly controlled. Nanoparticle release from
hydrogels could thus be examined as a function of
hydrogel mesh size, as well as nanoparticle diameter.
To characterize this model system, three surface
coatings and two nanoparticle sizes were investi-
gated. Citrate-stabilized gold nanoparticle reference
materials, with diameters of 10 or 30 nm were
encapsulated in PEG hydrogels as received, or after
conjugation of a PEG layer to their surface. Com-
mercially available QDs with biologically relevant,
covalently bound layers of PEG, PEG-carboxyl
groups, or PEG-amine groups were also encapsulated
within hydrogels. Specific parameters were adjusted
in nanoparticle release studies to measure intrinsic
properties of the nanoparticles (absorbance for
AuNPs and fluorescence for QDs), without the need
to incorporate additional markers to detect particles.
The specific impact of nanoparticle properties on
release from hydrogels was evaluated through mea-
surements of cumulative particle release and hydro-
gel imaging. Results of this work provide an
understanding of the relative importance of surface
chemistry and size in directing nanoparticle release
from an inert hydrogel matrix, which will aid the
design of future localized delivery systems.

Materials and methods’

Formation of hydrogel networks
and characterization of mesh size

Poly(ethylene glycol) dimethacrylate (PEGDM) was
synthesized through reaction of methacrylic anhydride
with PEG (MW 4600) via microwave methacrylation
(Lin-Gibson et al. 2004) in the presence of hydroqui-
none. Product was dissolved in methylene chloride
and then purified by precipitation in ethyl ether.
PEGDM was determined to have 95 % of chain ends
converted to methacrylate groups, as verified through
'"H NMR. Poly(ethylene glycol) hydrogels were
fabricated from aqueous solutions of 5, 7.5, 10, 15,
20, or 30 wt% PEGDM, by adding 0.2 wt% (for
5 wt% macromer solution), 0.08 wt% (for 7.5 wt%
macromer solution), or 0.05 wt% (for 10-30 wt%
macromer solution) 2-hydroxy-1-[4-(2-hydroxyeth-
oxy)phenyl]-2-methyl- 1-propanone photoinitiator (Ir-
gacure 2959, Ciba Specialty Chemicals). Each solution
was poured between two glass slides with a 1 mm
spacer, and photopolymerized for 5 min on each side
under UV light at 365 nm with an intensity of 2 mW/
cm? (UVP, model XX-40BLB). Following polymeri-
zation, disks 5 mm in diameter were punched from the
polymer sheet and then equilibrated in deionized (DI)
water for 24 h at room temperature (RT).

Hydrogel disks were weighed swollen (my), then
lyophilized for 48 h, and weighed dry (m4) to calculate
the equilibrium mass swelling ratio (g = my/myg). The
equilibrium volumetric swelling ratio (Q) was then
calculated by use of the mass swelling ratio and known
densities of the uncrosslinked polymer and solvent.
The equilibrium polymer volume fraction (v, s or 1/Q)
was then used to calculate the average molecular
weight between crosslinks M, by use of the equation
derived by (Flory and Rehner 1943):

12 (/Vi)ln(l = vay) o+ 1%y 0
M, M, [v-% _ '
2,5 2

' The full description of the procedures used in this paper
requires the identification of certain commercial products
and their suppliers. The inclusion of such information should
in no way be construed as indicating that such products
or supplier are endorsed or recommended by NIST or that they
are necessarily the best materials, instruments, software,
or suppliers for the purposes described.
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The average molecular weight in the absence of
crosslinking (M,,) does not influence this equation, as
the 2/M,, term is accepted to be negligibly small due to
the incorporation of the vast majority of reactive ends
into the hydrogel network. In this equation, v is the
specific volume of the polymer, V; is the molar
volume of the solvent, and y,, is the solvent—polymer
interaction parameter. The average mesh size (&) was
subsequently determined for each hydrogel composi-
tion, using the following relationship between mesh
size and hydrogel swelling (Canal and Peppas 1989):

&=, 3Cl i, (2)

where C, is the characteristic ratio of the polymer, [ is
the bond length, and 7 is the number of bonds between
crosslinks. A value of 4.0 was used for C, (Merrill
et al. 1993), and / was obtained by averaging the C-C
bonds (1.54 A) and C-O bonds (1.43 A) found in a
repeat unit. To calculate n, M.was divided by the
molecular weight of each repeat unit (44 g/mol) and
multiplied by the number of bonds in each repeat
unit (3).

To estimate nanoparticle diffusivity in the hydrogel,
the hydrodynamic radii (r;) obtained from dynamic
light scattering measurements were used in the
Stokes—Einstein equation to calculate nanoparticle
diffusivity in water (D,), where kg is Boltzmann’s
constant, 7 is temperature, and 7 is the viscosity of
water:

kgT
D,=—2—.
67y

(3)

The estimated diffusivity in each hydrogel composi-
tion (D,) was then determined by use of a free-volume
approach (Lustig and Peppas 1988):

Dg - _ E _ V2 s
E)_ (1 é)exp< Yl —Vz,s>. (4)

The ratio of the critical volume required for
translational movement of the solute molecule to the
average free volume per molecule of the liquid (Y) is
assumed to be unity.

Functionalization and characterization of gold
nanoparticles

Citrate-stabilized gold nanoparticles (AuNPs) dis-
persed in water, with diameters of 10 or 30 nm (NIST
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reference material 8011 and 8012, respectively) were
used as received, or modified with PEG groups. PEG
conjugation was performed by adding 1 mg/mL
methoxy-PEG-thiol (MW 1000, Creative PEGworks)
to the reference material dispersion, gently shaking,
and then reacting for 1 h at RT. Unreacted methoxy-
PEG-thiol was removed from the PEG-AuNP product
with a stirred ultrafiltration cell (Millipore, model
8003). Dynamic light scattering (DLS) (Zetasizer
Nano, Malvern Instruments) was used to evaluate size
distribution before and after PEGylation. Measure-
ments were performed at 21 °C and scattered 633 nm
light from the helium-neon laser was detected at a
173° scattering angle. Hydrodynamic diameter was
reported from the average distribution of particles by
volume over 3-6 independent runs. Particle size
distributions were verified at multiple timepoints over
several weeks, to ensure that the particles were stable.
Field emission-scanning electron microscopy (FE-
SEM) (LEO 1525, 20 kV) was performed to measure
particle diameters before and after PEGylation. To
prepare SEM samples, particle suspensions were
dropped on a transmission electron microscopy
(TEM) grid, and allowed to dry at RT for 3 h.

Nanoparticle encapsulation within hydrogels

Macromer solutions containing 5, 10, or 20 wt%
PEGDM and the photoinitiator concentrations
described above were used. For citrate-stabilized
AuNPs, a constant volume of water was replaced with
nanoparticle stock solutions in water. The final
macromer solutions had concentrations of 16 pg/mL
for 5 wt% hydrogels, 17 pg/mL for 10 wt% hydro-
gels, and 26 pg/mL for 20 wt% hydrogels. Based on
the concentration of reference material stock solutions
(50 pg/mL), the maximum concentrations which
could have been created if the water used in each
formulation was completely replaced with nanoparti-
cle stock solution were 33, 45, and 45 pg/mL,
respectively. For PEG-AuNPs, the amount of water
replaced in each formulation was adjusted to achieve a
constant particle concentration, independent of the
hydrogel weight percent. The final macromer solu-
tions had estimated concentrations of 81 pg/mL for
10 nm particles and 162 pg/mL for 30 nm particles.
Higher concentrations were due to greater water
replacement and to the purification process, in which
the volume of the nanoparticle stock solution was
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reduced during ultrafiltration (from 5 to 2 mL for
10 nm particles, from 10 to 2 mL for 30 nm particles).
These volume changes were used to calculate new
stock solution concentrations, neglecting loss to the
filter. However, actual stock solution concentrations
fall between the initial concentration (50 pg/mL) and
the maximum concentration based on volume change
(125 pg/mL for 10 nm particles and 250 pg/mL for
30 nm particles). For any given stock solution con-
centration, the hydrogels created had the maximum
possible concentration that could be achieved while
remaining constant for all three formulations.

To encapsulate QDs, calcium- and magnesium-free
phosphate-buffered saline (PBS) was used in place of
water to prevent QD aggregation (Koeneman et al. 2009).
Quantum dot concentrations of 750 nmol/LL were
obtained in the final macromer solution by partial
replacement of PBS with one of three QD stock solutions:
PEGylated QDs with a neutral surface charge
(Q21031MP, Invitrogen), functionalized carboxyl QDs
with a negative surface charge (Q21331MP, Invitrogen),
or functionalized amine QDs with a positive surface
charge (Q21531MP, Invitrogen). For PEG-QDs (2 pmol/
L), the maximum loading is 1300 nmol/L. For COOH-
QDs and NH3-QDs (8 pmol/L), the maximum loading is
5200 nmol/L. Regardless of surface functionalization, all
QDs had a cadmium selenide core, zinc sulfide shell, and
polymer outer layer (before functionalization). Hydrody-
namic diameters, provided by Invitrogen, were reported
to be from 14 to 16 nm. Zeta potential measurements in
PBS at a concentration of 150 nmol/L in a universal dip
cell (ZEN 1002, Malvern) indicated that colloidal
stability is highest for COOH-QDs (—26.1 &+ 1.1),
followed by NH3-QDs (—17.0 £ 2.9), and lowest for
PEG-QDs (—6.0 £ 1.2). The measured values were
significantly different from each other. Each macromer
solution was well mixed before 45 pul. was added to
individual silicon molds 5 mm in diameter and 2 mm
deep mounted on a glass slide. Hydrogels were photo-
polymerized for 10 min on each side under UV light.

Analysis of gold nanoparticle release
from hydrogels

Release of citrate-stabilized AuNPs was measured by
ultraviolet—visible (UV—-Vis) spectroscopy (PerkinElmer
LAMBDA 1050). Following polymerization, two hydro-
gel disks were placed in each DNA LoBind Eppendorf
tube containing 200 pL. DI water. LoBind tubes were

selected to minimize AuNP adsorption onto the surface.
At one of three timepoints (24, 168, and 336 h) the entire
solution volume was removed. The absorbance was
measured and compared with a standard curve. Separate
samples were fabricated for each timepoint. Under these
conditions, AuNP release could not be detected, but PEG-
AuNP release could be measured.

Release studies with multiple timepoints (4, 24, 96,
168, and 336 h) were designed for PEG-AuNPs only.
Following polymerization, two hydrogel disks were
placed in each DNA LoBind Eppendorf tube contain-
ing 100 pL DI water (n = 6). At each timepoint, the
solution surrounding the hydrogels was sampled by
removing three to five 2 pL. aliquots. DI water was
added to replace the lost solution volume. Control
tubes were prepared with the maximum PEG-AuNP
concentration, i.e., the concentration that would exist
if all PEG-AuNPs were released from the two
hydrogels (n = 3), and diluted to create a standard
curve (Appendix I). A NanoDrop™ 2000 spectro-
photometer (Thermo Scientific) was used to measure
absorbance of solutions containing 10 nm PEG-AuN-
Ps (522 nm) or 30 nm PEG-AuNPs (529 nm). Sample
absorbance was compared to the standard curve and
used to determine the cumulative release. Measure-
ment of PEG-AuNP controls remained stable over the
time course of the study, for concentrations within the
range of the standard curve.

Transmission electron microscopy (TEM) imaging
of gold nanoparticle distribution within hydrogels

To visualize the distribution of 10 nm citrate-stabi-
lized or PEGylated AuNPs within 5 wt% PEG hydro-
gels, hydrogels were exposed to 150 mmol/L mannitol
in PBS. Approximately 150-pum-thick slices of the gel
were produced manually, immediately loaded into
specimen carriers and cryofixed (Wohlwend Compact
02 High Pressure Freezer). The frozen samples were
held under liquid nitrogen until freeze-substitution in
acetone for 4 days at —80 °C. This was followed by
low-temperature infiltration with embedding resin
(Lowicryl HM20). Finally, the resin was polymerized
at —45 °C by UV light. Embedded samples were
cross-sectioned by ultramicrotome (Leica UC6) to
produce sections 100-500 nm thick. Hydrogel cross
sections were mounted on TEM grids, and imaged
with TEM (JEOL 2000FX, 200 kV) to analyze
particle distribution within the hydrogel networks.
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Analysis of quantum dot release from hydrogels

Release studies with multiple timepoints (1, 4, 24, 96,
and 168 h) were designed. Following polymerization,
hydrogel disks were placed in protein LoBind (PEG-
QDs and NH3-QDs) or DNA LoBind (COOH-QDs)
Eppendorf tubes (one gel per tube) containing 350 L.
PBS (n = 5 or n = 6). LoBind tubes were selected to
minimize QD adsorption onto the surface. For QD
release studies, the entire solution volume was replaced
at each sampling timepoint, in contrast to PEG-AuNP
release studies where very small volumes were
removed. This change in the sampling volume was
necessary due to the different measurement techniques
required for AuNPs versus QDs. At each QD release
timepoint, the hydrogel was gently repositioned to the
side, solution was fully removed, and then replaced
with fresh PBS. For each experiment, a standard curve
was prepared from QDs exposed to UV light during
hydrogel polymerization. The fluorescence intensity of
samples was read using a plate reader (excitation 485
and emission 560) and concentrations were calculated
using the standard curve. For NH;3-QDs and COOH-
QDs, these studies were replicated (n = 11 overall).

Epi-fluorescence imaging of quantum dot
incorporation and release from hydrogels

Epi-fluorescence measurement of the bulk hydrogels
was obtained at each timepoint to qualitatively track
changes in QD fluorescence in the bulk hydrogels over
time (n = 2). For consistent imaging between gels,
each image was taken at a focal point 500 pm below
the top surface of the gel with an XF302 Qdot 565 filter
set (Omega Optical). All images were captured with a
constant exposure time of 100 ms. In a separate
experiment, hydrogel disks were fabricated as
described above, to a 5 wt% composition with no
encapsulated particles. Overall hydrogel fluorescence
was measured immediately after polymerization, by
focusing 500 pm below the top surface of the hydrogel,
and imaging with a 20 ms exposure. Hydrogels were
then placed in 350 pL. PBS (control) or a solution of
230 nmol/L. COOH-QDs in PBS. After 48 h, hydro-
gels were removed and re-imaged. To examine release,
hydrogels were placed in 350 pL. PBS, and were
imaged at 1,4,24,48, and 168 h. Ateach timepoint, the
PBS solution was replaced with 350 pL fresh PBS.
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Statistical analysis

Hydrogel properties, nanoparticle diameters, and
nanoparticle release percentages from hydrogels were
reported as the mean plus or minus one standard
deviation. One-way analysis of variation (ANOVA)
and the Tukey post-test were used to evaluate the
influence of hydrogel wt% or surface chemistry on
cumulative nanoparticle release. Differences were
considered significant for p < 0.05.

Results
Hydrogel mesh size and estimated diffusivity

Mesh size refers to the distance between two adjacent
crosslinks, defining the size of openings through
which particles can diffuse. Average mesh size was
determined through measurements of the swelling
properties of various hydrogel compositions in the
absence of nanoparticles (Table 1). The 5 wt% hydro-
gels with the least crosslinking demonstrated the
highest volumetric swelling ratio (54), and also the
largest mesh size (140 nm). Increasing the weight
percentage of PEGDM macromer resulted in a
decrease in volumetric swelling ratio and mesh size,
where the 30 wt% hydrogel had a mesh size of less
than 10 nm. Gold nanoparticles were PEGylated to
evaluate the effect of their surface coating on release
from hydrogel networks. PEGylation of AuNPs
increased their hydrodynamic diameter by nearly
50 % for 10 nm particles (Fig. 1; Table 2) and by
about 13 % for 30 nm particles (Table 2). As a result,
the estimated diffusion within 5 wt% hydrogels
decreased by about 35 % for 10 nm AuNPs and by
an order of magnitude for 30 nm AuNPs (Table 2).
The range of mesh sizes produced through variation in
PEGDM crosslinking density theoretically indicated
that all particles would diffuse out of 5 and 10 wt%
PEG hydrogels, but only the 10 nm (citrate-stabilized
or PEGylated) would diffuse out of 20 wt% PEG
hydrogels. Experimentally, however, 10 and 30 nm
citrate-stabilized AuNPs became entrapped within the
hydrogels, but PEG-AuNPs of both diameters showed
varied release from hydrogels, depending on hydrogel
mesh size and particle diameter.
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Table 1 PEG hydrogel properties determined by Eqs. 1 and 2

PEGDM  Volumetric Average weight Mesh size
(Wt%) swelling between crosslinks (&) (nm)
ratio (Q) M,) (g/mol)
5 54 £ 19 180000 £ 120000 140 £ 54
7.5 23+ 4 39000 + 12000 44 +9
10 15+1 16000 + 2500 24 +2
15 10+ 1 7900 £+ 1200 15+1
20 8§+1 4500 £+ 1500 11+2
30 6.5+ 0.2 2900 £+ 190 7.7+03

Release of AuNPs and PEG-AuNPs

Citrate-stabilized AuNPs were encapsulated within
selected hydrogel compositions (5, 10, and 20 wt%) to
first evaluate the effects of nanoparticle size and mesh
size on particle release. Encapsulation of citrate-
stabilized AuNPs within hydrogels was visually
verified, as hydrogels with particles were red, whereas
nanoparticle-free hydrogel controls remained trans-
parent (Appendix II). No change in hydrogel color was
observed across hydrogel compositions or time,
though encapsulated 10 nm particles had a different
color than encapsulated 30 nm particles, as expected.
Nanoparticle release was monitored by measuring the
absorbance of the surrounding solution after one day,
one week, or two weeks. No citrate-stabilized AuNPs

were detected. Since this outcome was unexpected, we
examined the detection limit in some detail. By adding
the quantity of nanoparticles encapsulated in two
hydrogels to a solution with a total volume equal to the
hydrogel volume plus the water volume, we created a
solution with the maximum nanoparticle concentra-
tion that would be produced if the gels fully equili-
brated. Citrate-stabilized AuNPs in this solution were
easily detected and serial dilutions (similar to Appen-
dix I) indicated that 10 % of this concentration could
also be detected. To determine whether smaller
quantities of citrate-stabilized AuNPs might be
released, inductively coupled plasma-mass spectros-
copy (ICP-MS) measurements were performed to
quantify elemental gold. The control solution
described above, representing 10 % of the equilibrated
concentration, was easily above the ICP-MS detection
limit of 3 ng/mL gold. However, not even the 5 wt%
hydrogels released detectable quantities of gold into
solution after one week.

PEGylated AuNPs were released from each hydro-
gel composition over the course of two weeks (Fig. 2),
despite a larger diameter than that of citrate-stabilized
AuNPs. An initial burst release was observed at early
timepoints, followed by a slow release of PEG-AuNPs
over a two-week period. Both the hydrogel mesh size
and PEG-AuNP diameter contributed to the level of
nanoparticle release, where smaller particles encap-
sulated in a hydrogel network with large mesh size

—=— 10 nm AuNP
20 4 Mt - -+ - 10 nm PEG-AuNP
1A
]
154
=
o 10
£
=2
<]
> 5_
0
1 10 100 1000

Particle diameter (nm)

Fig. 1 Volume size distributions show an increase in the
hydrodynamic diameter of AuNPs after PEGylation (leff).
AuNPs with a nominal diameter of 10 nm have an average
diameter of 11.1 £ 1.8 nm; PEGylation increases the average

diameter to 16.6 £ 0.6 nm. Scanning electron microscopy
images of AuNPs (top right) and PEG-AuNPs (bottom right)
do not indicate changes in shape or aggregation. Similar results
were obtained for AuNPs with a nominal diameter of 30 nm
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Table 2 Diffusivity of AuNPs in PEG hydrogels (D) estimated by Eq. 4

Nominal size Surface Hydrodynamic D, 5 wt% PEG (um? s D, 10 wt% PEG D, 20 wt% PEG
(nm) molecules diameter (nm) (um2 sh (um2 sh
10 Citrate 11.1 £ 1.8 38 +1 29 + 1 16 £ 3
10 PEGylated 16.6 = 0.6 25+ 1 16 £1 4+£3
30 Citrate 263 £ 0.6 14+1 71 -
30 PEGylated 29.7 £ 2.1 1.3 +0.1 0.5 +£0.1 -
released most readily. Small differences, amounting to a
roughly 5 % of the total encapsulated particles, were £ 07 _a—s%PEG
observed in PEG-AuNP release between 10 and @ 60 i e ;gzz ﬁgg / ]
20 wt% hydrogels, although release from 10 wt% % ]
hydrogels remained higher at each timepoint for both o 50 —
10 and 30 nm particles. At the conclusion of the study, 5 1
the 10 and 20 wt% hydrogels had released very similar <<_'-) 401 e
levels of PEGylated 30 nm AuNPs, amounting to o 30 _ oo - ¢ ——--“”'"_—_;
about 15 % of the total encapsulated particles. How- £ ] g—/é """"""" I S =
ever, roughly twice as many particles were released 2 204
from 5 wt% PEG hydrogels than either the 10 or 2 1
20 wt% counterparts by the end of the two-week 3 107
period for both 10 and 30 nm PEGylated AuNPs. As (% 0 ] . ' . ' . ' .
expected, the larger particle size of 30 nm hindered 0 100 200 300
release as compared to the 10 nm particles, allowing Time (h)
release of only 31 % of particles, compared to 65 % of b
particles, respectively. X 709 _a 59 pPEG
Since dramatic differences in release were observed \g).; 1 --®--10% PEG
for citrate-stabilized AuNPs compared to PEGylated § o i A 20% PEG
AuNPs, TEM imaging was performed to compare 5_ 50 -
particle distribution within the hydrogel matrix. e ]
Immediately after particle encapsulation, a large :'9( 40
number of cross sections (10 to 20) were prepared o ] i
and examined. Although an occasional aggregate (2 to £ 30 i /
3 particles) was observed, nearly all particles existed % 20 /'/'
as individual particles, and no differences were .% ] ;_/_:_______“ B ETEEES EEEEEECEREL
observed between citrate-stabilized AuNPs and S 10 g- &7
PEG-AuNPs (Fig. 3). One week post-encapsulation, § 0 ]
hydrogels containing both citrate-stabilized AuNPs (') ' ] (I)O ' 2(')0 ' 3(')0

and PEG-AuNPs were re-examined and qualitatively
found to have no detectable changes in particle density
or distribution within the hydrogel (data not shown).

Release of PEG-QDs, NH3-QDs, and COOH-QDs
Release of QDs from hydrogels depends on both the
mesh size of the hydrogel network, and QD surface

functionalization (Fig. 4). The increase in mesh size
from 11 = 2 nm (20 wt% hydrogels) to 24 £+ 2 nm

@ Springer

Time (h)

Fig. 2 Cumulative release of 10 nm PEG-AuNPs (a) or 30 nm
PEG-AuNPs (b) was determined at 4, 24, 96, 168, and 336 h
following encapsulation. Release was greater from 5 wt%
hydrogels than from 10 wt% or 20 wt% hydrogels due to their
larger mesh size

(10 wt% hydrogels) yielded only a small increase in
QD release from the hydrogels. Both hydrogel com-
positions retained greater than 85 % of all
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Citrate-stabliize AuNP

PEGylated AuNP

Fig. 3 Transmission electron microscopy cross sections show uniform density and dispersion of 10 nm citrate-stabilized AuNPs or
PEG-AuNPs (black dots) encapsulated within 5 wt% hydrogels (gray background). Scale bar is 100 nm

encapsulated QDs after one week. The larger mesh
size of the 5 wt% PEG hydrogels (140 + 54 nm)
allowed a statistically higher release of QDs of all
surface chemistries after one week. Although 5 wt%
hydrogels allowed the greatest release, QD release was
hindered by incorporation of charged surface groups.
Release of QDs followed a trend of PEG-QDs > NH;3-
QDs > COOH-QDs over time. While 55 % of neutral,
PEG-QDs were released from the 5 wt% hydrogels
after one week, the percentage was dramatically
reduced to 18 % for positively charged NH;-QDs,
and 12 % for negatively charged COOH-QDs of the
same core/shell composition. The decrease in QD
concentration within 5 wt% hydrogels was qualita-
tively verified through decreases in bulk hydrogel
fluorescence (Fig. 5). All hydrogels had similar fluo-
rescence initially (0 h). At 96 h, burst release and
subsequent diffusion decreased the intensity of hydro-
gels with PEG-QDs relative to NH3-QDs or COOH-
QDs. From 96 to 168 h, diffusion continued to
decrease the fluorescence intensity of hydrogels with
PEG-QDs, whereas hydrogels with NH3-QDs or
COOH-QDs did not visually change.

To further evaluate interactions between COOH-
QDs and the PEG hydrogel matrix, 5 wt% hydrogels
without encapsulated nanoparticles were placed in a
COOH-QD solution. COOH-QDs readily diffused
into hydrogels over a period of two days, as shown
by comparing fluorescence images of COOH-QD-
exposed and control hydrogels (Fig. 6). COOH-QD-
loaded hydrogels were then placed into PBS under
conditions identical to those of the release studies
(Fig. 4), with complete solution changes at each

measurement timepoint. Fluorescence decreased after
only 1 h and further decreased after 24 h. After 168 h,
the fluorescence of exposed hydrogels cannot be
distinguished from controls (data not shown). This
demonstrates that COOH-QDs introduced into the
hydrogel post-polymerization are able to diffuse out of
the hydrogel.

Discussion

One advantage of PEG hydrogels for biomedical
applications is the ability to control mesh size, leading
to manipulation of biomolecule release. The cross-
linking density of PEG hydrogels formed through
radical-initiated polymerization can be tuned through
changes to the PEG weight percentage, although it can
also be dramatically influenced by the PEG molecular
weight (Cruise et al. 1998). This study used changes in
PEG weight percentage to create mesh sizes that
varied over an order of magnitude. This wide range
made it possible to design release studies with
hydrogel mesh sizes (11, 24, and 140 nm, Table 1)
relevant to nanoparticles between 10 and 35 nm in
diameter. One caveat is that while this approach does
produce large mesh sizes (5 wt% hydrogels), they can
be due to imperfections in the polymerization, such as
unreacted ends or cyclization, rather than exclusively
to the formation of uniformly large pores. For all
particles studied here with measureable release from
PEG hydrogels, an initial burst release was followed
by slow nanoparticle release over time, dictated by the
average hydrogel mesh size. Particles released in the
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Fig. 4 Cumulative release of 14-nm-diameter PEG-QDs (a),
NH5-QDs (b), or COOH-QDs (¢) was determined at 1, 4, 24, 96,
and 168 h following encapsulation. Release from 5 wt% hydrogels
followed the sequence PEG-QDs > NH;3-QDs > COOH-QDs
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initial “burst” were located near the edges of the
hydrogel and were not completely incorporated into
the network, possibly due to oxygen inhibition of the
PEG polymerization at the air—polymer interface. As
seen in similar studies of protein release, the burst
release is influenced by mesh size, with a large mesh
(5 wt%) producing a significantly greater release than
a tight mesh (20 wt%), for 10 and 30 nm PEG-AuNPs
(Fig. 2). Following the burst release, 10 and 30 nm
PEG-AuNPs continue to diffuse from 5 wt% hydro-
gels. However, 10 and 20 wt% hydrogels release only
small additional amounts (less than 8 % cumulative
release after two weeks). The decrease in nanoparticle
release resulting from a decrease in the tailored
hydrogel mesh size was expected for our studies.

Although absorbance is a well-established
approach for quantifying AuNPs in solution, rela-
tively high concentrations are required. Due to
limitations on the concentration of initial nanoparticle
suspensions, nanoparticles were not packed at high
densities into hydrogels (Fig. 3). As a result, the
surrounding solution volume was relatively low as a
prerequisite for obtaining accurate measurements of
AuNPs in solution. With this approach, true sink
conditions were not present during release, and the
release of approximately 50 % of the encapsulated
particles would indicate equilibration. As expected,
30 nm PEG-AuNPs were released from hydrogels of
identical average mesh at a slower rate than that for
10 nm PEG-AuNPs (Fig. 2). However, 10 nm PEG-
AuNPs may have reached equilibrium at the 96-h
timepoint. Subsequent partial solution changes would
then allow only small additional release, as observed.
Since far less of the 30 nm PEG-AuNPs were released
over the same time period, this system was likely not
close to equilibrium. Instead, release was hindered by
size restrictions on particle diffusion out of the
hydrogel network based on the relationship between
particle size and mesh size. One potential confound-
ing factor is that PEG hydrogel networks may be
distorted by encapsulation of particles (e.g., cells)
(Cho et al. 2009). Although this impact would be
lessened with the far smaller nanoparticles, it could
impact release of 30 nm particles slightly more than
10 nm particles.

Other systems that encapsulate nanoparticles in
hydrogels have observed particle release, either by
design, or as a side product, while enhancing biolog-
ical function or mechanical strength. Generally, this
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NH:-QDs PEG-QDs

COOH-QDs

Oh 96 h 168 h

Fig. 5 Differences in the release of surface-functionalized QDs from 5 wt% hydrogels were visually verified by fluorescence
microscopy. Acquisition conditions and intensity scale are identical for all images

passive diffusion of large molecules is attributed to
size compatibility between the matrix and solute. In
fact, previous work has verified a size-dependent
release of spherical particles of 3, 8, and 33 nm from
crosslinked PEG hydrogels (Brandl et al. 2010).
However, other research indicates that effects of
additional physicochemical properties may influence
diffusion through a hydrogel matrix. Often, these

hydrogel in PBS releaset=0

48 h QD
soak

QD test

control

Fig. 6 Hydrogels (5 wt%) were imaged immediately after
polymerization in PBS (Ist column), soaked in COOH-QD
solution (fop) or PBS (bottom), and then re-imaged (2nd
column). Hydrogels were then placed in PBS solution and

release

—

effects cannot be independently examined, as no
mechanisms other than size exclusion are tested.

Our platform affords the ability to independently
examine the effects of size and surface functionalization
on release of nanoparticles from hydrogel networks.
Comparing PEG-AuNPs, PEG-QDs, NH;-QDs, and
COOH-QDs within the same PEG hydrogel composi-
tions allowed for analysis of surface chemistry effects

releaset=1h releaset=24h

1
QD |

COOH-QD release was tracked by fluorescence imaging (top
images) and compared with controls which remained in PBS
solution (bottom images). Acquisition conditions and intensity
scale are identical for all images

@ Springer



Page 12 of 16

J Nanopart Res (2013) 15:1635

between particles of very similar hydrodynamic diam-
eter. Comparing release of the three types of QDs from
5 wt% hydrogels, an initial burst release was first
observed, as already described. However, the burst
measured at the 1-h timepoint also varied with surface
chemistry, with COOH-QDs significantly lower than
PEG-QDs or NH;-QDs. By the 24-h timepoint, the
release rates could be clearly differentiated, and followed
the trend PEG-QD > NH;-QD > COOH-QD, with the
COOH-QDs barely releasing above the burst levels.
Although Invitrogen’s reported hydrodynamic diame-
ters (14-16 nm) varied from other published data
(Ryman-Rasmussen et al. 2006), where hydrodynamic
diameters were reported to be 14 nm for COOH-QDs,
15 nm for NH3-QDs, and 35 nm for PEG-QDs, the
much greater release of PEG-QDs in our system
indicated that any size discrepancy was not the govern-
ing factor. Further, the measured zeta potentials indi-
cated less colloidal stability for PEG-QDs. Together, this
evidence suggests that surface chemistry was the
dominant factor in QD release from our hydrogel system.

This was especially interesting because the citrate-
stabilized AuNPs had no measureable release, even
from 5 wt% hydrogels during initial burst phase.
When the citrate-stabilized AuNPs were encapsulated
in hydrogels, no release could be detected through
UV-Vis. In an effort to detect very low levels of
release, ICP-MS was performed. Despite the low
detection limit for elemental gold, no gold could be
measured in the solution surrounding 5 wt% hydrogel
samples after a burst release, or after one week.
Interestingly, once the particles were functionalized
with a PEG layer and encapsulated using the same
procedure, PEG-AuNPs could easily be detected in
solution after only 4 h of release from hydrogels,
despite the size increase due to PEGylation.

The limited or undetectable release of NH3-QDs,
COOH-QDs, and citrate-stabilized AuNPs from
5 wt% hydrogels indicates some mechanism of reten-
tion of charged particles within the hydrogel network.
It was first hypothesized that nanoparticle entrapment
might be due to clustering of the particles in the
polymer precursor solution. Aggregation of particles
within the hydrogel network would likely trap particles
permanently, since aggregates would be larger than the
mesh size for any of the hydrogel networks examined
in this study. Particles would be unlikely to dissociate
from the aggregates to diffuse out over time, due to the
strength of the particle—particle interactions that

@ Springer

caused initial aggregation. TEM imaging of 5 wt%
hydrogels showed that both citrate-stabilized AuNPs
(which do not diffuse) and PEG-AuNPs (which do)
were encapsulated with uniform distribution through-
out the hydrogel. Hydrogel sections imaged after one
week were similar. This observation suggests that
aggregation was not primarily responsible for retention
of citrate-stabilized AuNPs within hydrogel networks.

There is evidence that citrate-stabilized AuNPs can
interact with the hydrogel networks through hydrogen
bonding. This phenomenon was observed when
polyacrylamide gels were formed, shrunken in ace-
tone, and then swollen in an aqueous solution
containing suspended, citrate-stabilized gold nano-
particles. Upon subsequent solvent changes, AuNPs
remained inside the hydrogel network (Pardo-Yissar
et al. 2001). PEG hydrogel interactions with charged
nanoparticles could account for the lower burst release
of charged particles from hydrogels observed in our
studies. In this case, particles may continue to interact
with PEG chains even if they are not completely
entrapped in the hydrogel network.

The retention of charged particles within the
hydrogel network may instead be tied to interactions
with the macromer solution during polymerization.
Thiol groups incorporated into macromer solutions are
capable of reacting with the surface of AuNPs (Phillips
et al. 2008), but there is little evidence suggesting a
strong interaction between methacrylate groups and
the gold surface. Although a clear tethering mecha-
nism was not identified for bonding charged particles
within the hydrogel network, the ability of COOH-
QDs to diffuse into hydrogels after polymerization,
and subsequently diffuse out (Fig. 6), suggests that
some retention of particles in the release systems
studied was due to interactions between the charged
particle surface and macromer or initiator radicals
during the polymerization process.

These findings will be critical to the design of
applications requiring nanoparticles with bioactive
surfaces to interact with PEG hydrogels. For example,
QDs functionalized with negatively charged surface
groups (including COOH groups) are endocytosed by
cells (Ryman-Rasmussen et al. 2007; Delehanty et al.
2009). Delivering such particles would require loading
the hydrogel post-polymerization. However, it could
extend further to frequently studied protein or nucleic
acid release from hydrogel systems (Quick and Anseth
2004; Lei et al. 2010). While such therapeutics often
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contain surface charges, the effect of their charges on
retention or release from a hydrogel network cannot be
independently studied. This work provides a method
to analyze surface charge effects in conjunction with
size effects in designing delivery systems. The infor-
mation gained from this study could alternatively be
important to applications such as tissue engineering,
where permanent encapsulation and retention of
nanoparticles is desired within a hydrogel matrix.

Conclusion

While PEG hydrogels have been extensively studied
for delivery of therapeutic biomolecules, the release of
core—shell nanoparticles has not been previously
examined as a function of nanoparticle physicochem-
ical properties, in particular, diameter and surface
molecules. Here, nanoparticles of varied diameter,
core composition, and surface chemistry were encap-
sulated within well-characterized PEG hydrogels fab-
ricated with a range of mesh sizes. Release of neutral,
PEGylated nanoparticles depended on size. However,
functionalization with positively charged amine
groups, negatively charged carboxyl groups, or citrate
stabilization dramatically reduced nanoparticle release
from all hydrogel compositions. Inspection of AuNPs
within the hydrogel network through TEM imaging
suggested that charged particle entrapment within the
PEG network was not due to particle aggregation
during encapsulation, but was likely based on interac-
tions between the charged particles and the hydrogel
network. Loading and release of COOH-QDs suggest
that these charged particles are tethered into the
hydrogel during polymerization. These studies will
lay a foundation for development of future nanopar-
ticle delivery systems from hydrogel networks.
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Appendix I

UV-Vis absorbance decreases as the 10 nm PEG-AuNP
stock solution is diluted (a). Calibration curves were

constructed from the absorbance peak at 522 nm for
each corresponding percentage of original stock solution
(b), and used to determine PEG-AuNPs released into
solution. Similar results were obtained for 30 nm PEG-
AuNP stock solutions and calibration curves were
constructed from the absorbance peak at 529 nm.
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Appendix I1

In the absence of gold nanoparticles, PEG hydrogels
are translucent (a). Upon encapsulation of AuNPs, the
hydrogel is pink through visual inspection (b).
Although slight changes in color result from differ-
ences in encapsulated nanoparticle size, both encap-
sulated 10 nm AuNPs (c¢) and 30 nm AuNPs
(d) remain embedded in a 5 wt% hydrogel after 7 d
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immersed in water, and look visually the same as
immediately after polymerization.
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