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We demonstrate a facile approach to manufacture hydrogel microspheres with controlled and macrop-
orous network structures via a simple yet versatile micromolding-based technique. Specifically, highly
uniform poly(ethylene glycol) (PEG) hydrogel microspheres containing chemically functional chitosan are
readily fabricated using the micromolding-based technique that utilizes surface tension-induced droplet
formation of aqueous prepolymer solution followed by photo-induced interfacial polymerization. Net-
work structures of the hydrogel microspheres are readily controlled by simple addition of inert porogen,
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depending on the content of the porogen in the prepolymer solution. In addition, protein conjugation
studies show tunable pore sizes and 3D network structures by adjusting content of the porogen, and
formation of macroporous networks leading to significantly improved protein conjugation kinetics. The
macroporous network structures are further supported with scanning electron microscopy (SEM) results
that correspond well with confocal microscopy results. We believe that our fabrication strategy offers a
simple and robust route to construct diverse 3D hydrogel network structures with chemical functional-
ity, enabling production of a variety of biofunctionalized hydrogel microspheres that can be utilized in
various biomedical applications.
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1. Introduction photolithography [9-11], capillary microfluidics [12-15] and elec-

trohydrodynamic co-jetting [16,17].

Hydrogel microparticle-based suspension arrays hold signifi-
cant potential as powerful alternatives to planar and bead-based
arrays for medical diagnostic and biosensing applications [1-4].
Specifically, hydrogel microparticles offer several advantages over
solid bead-based ones such as solution-like environment for ideal
target-probe binding with minimal non-specific adsorption, rapid
assay time, and reduced signal to noise ratio by enhanced load-
ing and capture capacity of probes and targets, respectively [4,5].
Recent advances in the fabrication techniques of the hydrogel
microparticles have enabled convenient shape-based encoding
and rapid production of complex and/or multicompartmental
microparticles, opening doors for multiplexed sensing or diagnos-
tic assays. Such techniques include stop-flow lithography [6-8],
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Despite such advances, there still exist several critical chal-
lenges in simple and programmable fabrication of the hydrogel
microparticles with desired properties. First, most current tech-
niques including microfluidic methods require complex equipment
and delicate control of microflows and solution properties (e.g.,
viscosity and surface tension). Second, the most commonly used
polymerizable unit poly(ethylene glycol) diacrylate (PEGDA) with
low molecular weight is often not suitable for the creation of large
pores that permit rapid diffusion and binding of large biomolecular
targets [18-21]. Lastly, the common co-polymerization technique
to incorporate biomolecular probes (e.g., antibodies) with the
hydrogel network faces challenges in preserving their biospecific
affinities due to the harsh radical polymerization environment
[22-24]. There thus exist critical needs for simple and reliable
techniques to produce hydrogel microparticles with controlled and
tunable macroporous network structures as well as chemical func-
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tionalities that allow for facile and efficient conjugation of the
biomolecules.

We recently reported facile fabrication of chemically functional
hydrogel microparticles via simple micromolding techniques and
incorporation of chitosan [18,25,26]. As shown in the chemical
structure in Fig. 1(a), chitosan is a naturally derived aminopolysac-
charide that provides abundant and highly reactive primary amines
as an efficient conjugation handle due to their low pK, value
[27-29], making it an enabling biofabrication component that
imparts potent chemical functionality [30]. With facile post-
fabrication biofunctionalization approaches using the primary
amines and bioorthogonal conjugation reactions, we demonstrated
utilization of the chitosan-incorporated hydrogel microparticles as
protein conjugation and biosensing platforms [18,25]. However,
there still exist limitations in mass transfer of large biomolecules
into the microparticles leading to slow protein conjugation kinet-
ics owing to tightly crosslinked hydrogel networks. Such slow
mass transfer leads to longer incubation and assay time, which
in turn can cause compromised results on labile biomolecular
probes and targets. In addition, imparting a diverse range of 3D
network structures including core-shell geometries with tunable
shell thicknesses and mesh sizes could open doors for the devel-
opment of more versatile sensing platforms. For example, such
sensing platforms may be suitable for accurate size discrimination
and/or detection of larger biomolecular assemblies such as viruses
and protein aggregates (e.g., beta amyloid oligomers implicated
in Alzheimer’s disease or alpha-synuclein in Parkinson’s disease)
[31,32]. Therefore, itis imperative that more thorough examination
of fabrication parameters and routes to impart wider ranges of 3D
network structures should be conducted toward potent hydrogel
microparticle design and manufacturing principles.

In this report, we demonstrate a simple approach to drasti-
cally increase mesh sizes for improved protein conjugation kinetics
and to further fine-tune the network structures of hydrogel micro-
spheres, by exploiting inert porogens from crosslinking PEGDA
(scheme in Fig. 1(a)) [33,34]. Briefly, aqueous prepolymer solu-
tion containing PEGDA, chitosan and inert short chain PEG porogen
is added into PDMS molds, and then the prepolymer solution
droplets are spontaneously formed by surface tension upon placing
hydrophobic wetting fluid on the mold [26,35-37]. The droplets are
crosslinked by photo-induced polymerization reaction of PEGDA,
while the crosslinked PEG chains create excluded volume by PIPS
during the polymerization reaction [26]. The PEG porogens are
then simply washed out during rinsing, leaving large pores within
the microspheres. Notably, this approach enables facile tuning of
3D network structures (i.e., core-shell like microspheres with dif-
ferent shell thicknesses and mesh sizes) using simple fabrication
parameters such as the PEGDA and PEG porogen content, as well
as addressing the mass transfer limitation that allows for improve-
ment in protein conjugation. Specifically, addition of the short PEG
porogen (MW 600 Da) at varying concentrations (10-30v/v%)in the
prepolymer solution leads to diverse 3D network structures of the
resulting hydrogel microspheres and varying distribution of chem-
ical conjugation handles, allowing for programmable biomolecule
conjugation profiles within the microspheres. The fluorescent
labeling and protein conjugation results show not only tunable
network structures but also enhancement in mass transfer and
conjugation of large biomolecules into the microspheres, highly
desirable for bioassays in practical clinical settings. In-depth char-
acterization via confocal microscopy and SEM further supports the
observed tunable 3D network structures that lead to controllable
protein conjugation profiles and kinetics, providing deep insights
into the detailed structural features of the hydrogel microspheres.
These insights should thus offer promising routes to construct
hydrogel microscale materials with varying 3D network structures,
and lead to a significant advancement toward facile manufacturing
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Fig. 1. Fabrication of chitosan-PEG hydrogel microspheres via a simple
micromolding-based technique. (a) Chemical structures of main components in pre-
polymer solution, and schematic diagram describing procedure of the fabrication
along with corresponding bright-field micrographs to each step. Scale bars repre-
sent 200 wm. (b) Summary of swelling capacity of the as-prepared microspheres
(n>20).
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of potent biofunctionalized microentities for biosensing applica-
tions.

2. Materials and methods
2.1. Materials

Chitosan oligosaccharide lactate (average Mp 5kDa, >90%
deacetylation), poly(ethylene glycol) diacrylate (PEGDA, average
M, 700Da), poly(ethylene glycol) (PEG600, average M, 600 Da),
2-hydroxy-2-methylpropiophenone (photoinitiator also known
as Darocur 1173, PI), and saline sodium citrate (SSC) buffer
(20 x concentrate, molecular biology grade) were purchased from
Sigma-Aldrich (St. Louis, MO). 5-(and 6-)carboxyfluorescein suc-
cinimidyl ester (NHS-fluorescein) was purchased from Pierce
Biotechnology (Rockford, IL). Trans-cyclooctene (TCO)-PEG4-N-
hydroxysuccinimide (NHS) ester and tetrazine (Tz)-PEGs-NHS
ester were purchased from Click Chemistry Tools (Scottsdale,
AZ). Tween 20 (TW20) was purchased from Fisher BioReagents™
(Waltham, MA), poly(dimethylsiloxane) (PDMS) elastomer Kkits
(Sylgard 184) were purchased from Dow Corning (Auburn, MI).
Centrifugal filter units (Amicon® Ultra 0.5 ml, EMD Millipore) were
purchased from EMD Millipore (Billerica, MA). Dimethyl sulfox-
ide (DMSO, extra dry) and N-hexadecane (99%) were purchased
from ACROS Organics™ (Morris, NJ). 2-propanol (>99.7%) was pur-
chased from ].T.Baker® (Center Valley, PA). Red fluorescent protein
R-Phycoerythrin (R-PE in sodium phosphate buffer, pH 7.0 with
ammonium sulfate) was purchased from AnaSpec (Fremont, CA).
All the chemicals were analytical grade, and used without further
purification.

2.2. Fabrication of chitosan-PEG hydrogel microspheres

For fabrication of hydrogel microspheres, we utilized a simple
micromolding-based technique as in arecent study [26] with minor
modifications. Schematic diagram of Fig. 1(a) describes procedure
of the microsphere fabrication. Specifically, a PDMS mold consisting
of cross-shaped microwells (5.14 nL volume with 297 wm in length
and 105 pm in depth) was prepared first, following standard proce-
dure of thermal curing (overnight at 65 °C) of Sylgard 184 elastomer
(9:1wt ratio of elastomer to curing agent) on a silicon master
mold with photolithographically patterned cross shapes [11,38].
Prepolymer solutions were prepared by mixing PEGDA (10% v/v
or 15% v/v), chitosan (0.5% w/v), PEG600 (0-30% v/v) and deion-
ized (DI) water, and wetting fluid was prepared by mixing 1% v/v
of PI with N-hexadecane. To fill the microwells with the prepoly-
mer solutions, the as-prepared PDMS mold was covered with the
prepolymer solutions and rubbed with a disposable pipet tip. The
excess prepolymer solutions were then removed with a pipette,
and the filled mold was covered with the wetting fluid. Importantly,
this procedure was conducted in a humidity chamber with ~95%
humidity in order to minimize loss of water content in the nL vol-
ume of the prepolymer solution by rapid evaporation [11]. Next,
the mold covered with the wetting fluid was left on an aluminum
mirror (Thorlabs, Newton, NJ) for at least 2 min, and the droplets
of the prepolymer solution were formed by surface tension at the
interface between the prepolymer solution and the wetting fluid.
To crosslink the droplets by photo-induced polymerization, 365 nm
UV light was irradiated with an 8 W hand-held UV lamp (Spectron-
ics Corp., Westbury, NY) for 5min. The crosslinked droplets (i.e.,
microspheres mainly consisting of PEG networks) were then col-
lected by pipetting, and washed 3 times with 2-propanol, 2 times
with DI water containing 0.5% v/v TW20 and 3 times with 5 x SSC
buffer solution containing 0.05% v/v TW20 (SSC-TW20 buffer solu-
tion).

2.3. Measurement of swelling ratio and water content

For the measurement of swelling ratio and water content of
the microspheres, we first stored the as-prepared microspheres
in SSC-TW20 buffer solution for at least 1 day to reach equilib-
rium swelling (i.e., wet state). The microspheres were then imaged
with the Olympus BX51 microscope (Center Valley, PA) under a
bright-field mode, and their diameters (dwe) were measured with
an image analysis software Image] [39]. To measure diameters of
the microspheres under dry state (dgyy ), lyophilized microspheres
were analyzed via SEM (further details in the imaging analysis sec-
tion below). These diameters under wet and dry state were then
utilized to compute the volumetric swelling ratio:

Swelling Ratio = Viver

dry

and water content:

Vwer — V,
Water Content=—""_"9 . 100%

wet
where Vyer and Vg, represent sphere volumes under wet and dry
states, respectively. To ensure accuracy of the computed swelling
ratio and water content, we analyzed at least 20 microspheres per
each condition.

2.4. Fluorescent labeling and chemical modification of
chitosan-PEG hydrogel microspheres

To label the microspheres with fluorescein dyes via amida-
tion reaction [40], a constant number (~40) of the microspheres
were incubated in SSC-TW20 buffer solution with 100 .M of NHS-
fluorescein for 1h at room temperature. To remove unreacted
and nonspecifically bound fluorescein molecules, the microspheres
were rinsed 3 times with aqueous 2-propanol solution (50% v/v).
Similarly, the microspheres were activated with Tz molecules via
the same amidation reaction. A constant number (~40) of the
microspheres were incubated in SSC-TW20 buffer solution with
500 wM of Tz-PEG5-NHS ester for 1h at room temperature, and
then the microspheres were washed 5 times with SSC-TW20 buffer
solution to remove unreacted chemicals.

2.5. Chemical modification of proteins

To activate R-PEs with TCO molecules, we utilized amidation
reaction between lysines of proteins and NHS-ester groups of
TCO-PEG4-NHS ester molecules. For the efficient amidation reac-
tion, we first exchanged buffer solution of the purchased R-PE
solution for borate buffered saline buffer solution (50 mM borate,
300 mM NaCl, pH 8.5) via centrifugal filtration at 4°C (i.e., increase
in the pH value) [41]. Next, 2 mg/mL of the R-PEs were incubated
with 20-fold molar excess of TCO-PEG4-NHS ester for 30 min at
room temperature. The activated R-PEs were purified from unre-
acted chemicals via centrifugal filtration (Amicon Ultra 0.5) with
PBS buffer solution (pH 7.4) following the manufacturer’s stan-
dard protocol. Concentrations of the final R-PE solutions were
determined by using UV-vis spectrophotometry (EvolutionTM 300
UV-vis Spectrophotometer, Thermo scientific, Waltham, MA) with
the characteristic absorbance peaks and molar extinction coeffi-
cients of the R-PE (1.96 x 106 M~! cm~! at 565 nm) [42].

2.6. Protein conjugation with microspheres

To conjugate R-PEs with the microspheres and investigate con-
jugation kinetics, we utilized Tz-TCO ligation reaction; roughly
forty Tz-activated microspheres were reacted with 2 uM of TCO-
activated R-PEs for varying times (0-24h) in SSC-TW20 buffer
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solution at room temperature. To remove unconjugated R-PEs, the
microspheres were washed 5 times with SSC-TW20 buffer solution.

2.7. Imaging analysis

The fluorescently labeled and R-PE conjugated microspheres
were imaged with an epifluorescence microscope (Olympus BX51
equipped with a DP70 microscope digital camera, Center Valley,
PA) and a confocal microscope (Leica DMIRE2 equipped with a
TCS SP2 scanner, Wetzlar, Germany) in SSC-TW20 buffer solu-
tion (pH 7.0). Specifically, epifluorescence micrographs were taken
with a 10 x objective under standard green (U-N31001) and red
(U-N31002) filter sets (Chroma Technology Corp., Rockingham,
VT) for the fluorescently labeled and the R-PE conjugated micro-
spheres, respectively. Confocal micrographs were taken with a
20 x objective at 488 nm and 543 nm excitation for the fluores-
cently labeled and the R-PE conjugated microspheres, respectively.
Fluorescence intensities of the microspheres were analyzed with
the image analysis software Image] [39], and averaged for at
least five microspheres per each condition. For scanning electron
microscopy (SEM) analysis, the as-prepared microspheres were
washed 3 times with DI water containing 0.5% v/v TW20 and 2
times with DI water in order to avoid formation of salts from
the buffer solution during drying process. The microspheres were
freeze-dried for 24 h in a lyophilizer (Labconco Corp., Kansas City,
MO). The lyophilized microspheres were then placed on a stub and
coated with a thin gold-palladium layer using a sputter coater (The
108 Auto Sputter Coater, Ted Pella, Inc., Redding, CA), and analyzed
with a scanning electron microscope operating at 5kV (JEOL 5910,
JEOL USA, Inc., Peabody, MA).

3. Results and discussion

3.1. Consistent fabrication of uniform hydrogel microspheres at
varying contents of the porogen with the micromolding-based
technique

We first demonstrate that our simple micromolding-based tech-
nique allows for consistent fabrication of highly uniform hydrogel
microspheres at varying compositions of prepolymer solution con-
taining short PEG porogen (PEG600). Specifically, as shown in
the scheme of Fig. 1(a), the cross-shaped PDMS micromolds are
filled with photocurable prepolymer solution containing aqueous
mixture of PEGDA, PEG600 and chitosan. The addition of wet-
ting fluid (N-hexadecane with photoinitiator, PI) onto the filled
micromolds induces formation of uniform prepolymer droplets
by surface tension between the interface of the hydrophilic pre-
polymer solution and the hydrophobic wetting fluid (leftmost
bright-field micrograph in the bottom row of Fig. 1(a)). Simple
photo-induced polymerization with a hand-held UV lamp (365 nm)
leads the droplets to form uniform microspheres (middle micro-
graph). Specifically, the UV light induces formation of highly
reactive radicals from the PI via photolysis, and the radicals react
with the acrylate groups of PEGDA generating chain-initiating rad-
icals [43]. Successive addition of PEGDA then takes place by the
chain-initiating radicals, leading to rapid growth and crosslinking
of polymer chains and thus formation of the hydrogel networks.
During this propagation step, chitosan molecules can be incorpo-
rated with the networks in a stable manner by the reaction between
acrylates of PEGDA and primary amines of chitosan [18,25]. Note
that the incorporated chitosan still retains majority of its chemical
functionality from remaining primary amines due to low reaction
efficiency between the acrylates and amines [44-46]. Meanwhile,
the crosslinked PEG chains and PEG600 create excluded volume by
phase separation (i.e., PIPS) during the polymerization, and leads to

formation of macropores in the microspheres upon washing (fur-
ther discussed in the following sections).

We first examined the uniformity and water content of the
microspheres prepared with varying compositions of the prepoly-
mer solution (i.e.,, 10 v/v% and 15 v/v% PEGDA with 0-30 v/v%
PEG600) via simple microscopic image analysis and drying exper-
iments. As shown in the table of Fig. 1(b), microspheres fabricated
with either 10% or 15% PEGDA and varying PEG600 contents all
showed uniform wet and dry diameters, as indicated by con-
sistently small standard deviations from minimum 30 samples
examined per condition and three different directions in diame-
ter measured per sample. This result illustrates that our simple
micromolding-based technique enables fabrication of highly uni-
form microspheres in a consistent manner. The volumetric swelling
ratios and water contents calculated from these measurements
show similarly high values under varying PEGDA and PEG600
content conditions, with microspheres prepared with 15% PEGDA
showing relatively lower swelling ratios rising from higher PEGDA
content and more efficient polymerization than the ones from 10%
PEGDA in general [21,26]. There exists a modest trend of increas-
ing swelling ratio (4.2 to 4.9) and water content (76% to 80%) with
increasing PEG600 contents for the 15% PEGDA conditions.

In short summary, the results in Fig. 1 show that our simple
micromolding technique enables reliable fabrication of micro-
spheres with consistent dimensions and high water content from
various prepolymer compositions (i.e., PEGDA and PEG600 con-
tents).

3.2. Effect of porogen contents on distribution of chitosan within
microspheres

Next, we carried out simple fluorescent labeling of the as-
prepared microspheres with amine reactive fluorescent markers to
examine distribution of reactive primary amine groups from chi-
tosan within the microspheres (Fig. 2). As shown in the schematic
diagram, the unshared electron pair of the primary amine group
of chitosan and the electron-deficient carbonyl carbon of the NHS
ester derivative of fluorescein (NHS-fluorescein) undergoes acyl
substitution reaction to form a stable amide linkage, enabling sim-
ple visualization of the presence, reactivity and distribution of
chitosan [19].

First, the bright-field images of all the as-prepared micro-
spheres with varying PEGDA and PEG contents (leftmost columns)
show uniform sizes as in Fig. 1(b), while increasing PEG con-
tent leads to darker appearances for both 10% and 15% PEGDA
cases presumably due to the formation of macropores [47,48].
Next, the epifluorescence images (top view, middle columns) show
distinct fluorescence on the microspheres unlike negligible fluores-
cence on the microspheres without chitosan (Supplementary Data,
Fig. S1), indicating successful incorporation of chitosan with the
microspheres and specific nature of the reaction. Importantly, the
fluorescent labeling results show striking differences in the distri-
bution and intensity of fluorescence (i.e., chitosan)in the conditions
examined here. For the 10% PEGDA case, the chitosan moieties
appear to be distributed uniformly throughout the microspheres
prepared without PEG600 as consistent with our previous report
[26]. The addition of 10% PEG600 does not appear to significantly
alter the chitosan distribution unlike 20% PEG600 condition, where
high fluorescence on a small region in the microsphere core indi-
cates dense chitosan. Meanwhile, the addition of 30% PEG600 leads
to uniform yet lower fluorescence intensity compared to other con-
ditions. Considering small size of the fluorescein marker used here
(estimated diameter d~0.7 nm, MW 473.4 Da) [49] and thus its min-
imal mass transfer limitation into the microspheres [18,26,47], the
low fluorescence intensity is attributed to lower chitosan incor-
poration efficiency. This result is attributed to interference of
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Fig. 2. Fluorescence labeling of chitosan-PEG microspheres via amidation reaction. (a) Schematic diagram describing the amidation reaction between primary amine in
the microspheres and NHS ester group of the NHS-fluorescein molecules. (b) Bright-field, epifluorescence and confocal micrographs of microspheres prepared with varying
compositions of prepolymer solution upon fluorescence labeling. All scale bars represent 200 pm.

polymerization reaction by high PEG600 content [21]. Next, the
microspheres prepared with 15% PEGDA show brighter fluores-
cence (thus denser chitosan) in the core region in general, unlike
the 10% PEGDA microspheres. Chitosan density appears to increase
with increasing PEG600 concentration from 0% to 20%. As simi-
lar to the 10% PEGDA case, the 15% PEGDA microspheres prepared
with 30% PEG600 show low fluorescence, again presumably due
to interference of chitosan incorporation by high PEG600 content.
Finally, the confocal microscopy images taken at the center plane of
the fluorescently labeled microspheres (rightmost columns) corre-
late well with and further confirm the chitosan distribution shown
in the epifluorescence images. Notably, the results in Fig. 2 indi-
cate tunable chitosan distribution (i.e., conjugation handles) in
the microspheres via simple addition of PEG600 and adjustment
of prepolymer compositions, which may enable programmable
biomolecule conjugation. In the meantime, higher PEGDA concen-
tration conditions (>20%) show minimal change in the chitosan
distribution even with the addition of the same PEG600 contents
examined here (data not shown). We will thus focus on the pre-
polymer compositions examined here for the protein conjugation
experiment in the following sections (i.e., 10% and 15% PEGDA,
0-30% PEG600).

In sum, the fluorescent labeling results in Fig. 2 show that simple
addition of PEG600 porogen can dramatically change the incorpo-
ration and distribution of chitosan in the microspheres.

3.3. Macroporous hydrogel networks formed by porogen:
improved protein penetration into the microspheres

We then examined the network structures of the micro-
spheres in more detail by conjugating a red fluorescent protein
R-phycoerythrin (R-PE), as shown in Fig. 3. R-PE is a good model
protein for protein conjugation studies due to its highly bright
fluorescence and large size (240kDa, hydrodynamic diameter
dn~11.2 nm) similar to antibodies (IgG, 150kDa, d;,~11 nm) that
are commonly utilized as biomolecular probes. To conjugate the R-
PEs with the microspheres, we utilized a rapid and bioorthogonal
tetrazine-trans-cyclooctene (Tz-TCO) ligation reaction as shown
in the schematic diagram of Fig. 3 due to its high yield and sta-
bility of each functional group (i.e., Tz and TCO) in the aqueous
solution, which makes it an efficient conjugation scheme. Specifi-
cally, the microspheres prepared with varying PEGDA and PEG600
contents were activated with Tz molecules via amidation reaction
using NHS ester derivative of Tz. The Tz-activated microspheres
were then incubated with TCO-modified R-PEs for 24 h, and ana-
lyzed via bright-field and fluorescence microscopy.

The bright-field micrographs of the Tz-activated microspheres
under all the prepolymer composition conditions show bright red
color upon incubation with TCO-modified R-PEs (left columns,
Fig. 3) unlike microspheres without Tz-activation (Fig. S2).
This result indicates selective conjugation of R-PEs through the
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biorthogonal Tz-TCO reaction and high R-PE conjugation capacity
of the microspheres. Importantly, the microspheres show different
color (i.e., R-PE conjugation) profiles depending on the composition
of the prepolymer solution. Specifically, the 10% PEGDA micro-
spheres prepared with 20% PEG600 show brighter red color in
the core region unlike uniform color profile of other PEG600 cases
(i.e., 0%, 10%, and 30%). For the 15% PEGDA microspheres, 0% and
10% PEG600 cases show brighter red color near the sphere sur-
faces, while 20% and 30% PEG600 cases show denser color around
the microsphere centers and uniform color profile throughout the
microspheres, respectively.

The epifluorescence microscopy results (right columns, Fig. 3)
further confirm and clearly show different R-PE conjugation pro-
files depending on the composition of the prepolymer solution.
First, the 10% PEGDA microspheres show consistent red fluo-
rescence profiles for the 0%, 10% and 30% PEG600 content, and
denser fluorescence near the centers for the 20% PEG600 content
conditions, consistent with the chitosan distribution (via NHS-
fluorescein labeling) shown in Fig. 2. Considering large size of
the R-PE (d,~11.2 nm), this result suggests that mesh sizes of the
10% PEGDA microspheres are large enough for the R-PEs to pen-
etrate into the microspheres and be conjugated even in the core
region within 24 h. Next, 15% PEGDA microspheres show higher
fluorescence intensity in the shell region for 0% and 10% PEG600.
Compared to the dense chitosan distribution around the core region
of the same microspheres (Fig. 2), this result suggests hindered R-PE
penetration due to small mesh sizes. Meanwhile, the thickness of
the bright shell region increases with increasing PEG600 content up
to 10%, and the microspheres prepared with 20% and 30% PEG600
show consistent fluorescence profile with the chitosan distribution
suggesting full penetration of the R-PEs. Thus, these results reveal
tunable mesh sizes and 3D structures of the hydrogel networks
simply by adjusting PEG600 content in the 15% PEGDA prepolymer
solution. Lastly, both 10% and 15% PEGDA microspheres with 30%

PEG600 show slightly lower fluorescence intensity; we attribute
this to lower chitosan incorporation efficiency resulting from high
content of inert PEG600. Meanwhile, the microspheres prepared
with the same conditions as in Fig. 3 yet without Tz-activation
show negligible fluorescence, indicating minimal nonspecific bind-
ing and selective conjugation of the R-PEs via the Tz-TCO reaction
(Fig. S2).

In short summary, the protein conjugation results in Fig. 3 indi-
cate macroporous network structures with a diverse range of 3D
network structures via simple tuning of the synthesis conditions
(i.e. PEGDA and PEG600 contents).

3.4. Effect of porogen contents on network structures of hydrogel
microspheres

Next, we carried out more in-depth examination of the 3D net-
work structures of the microspheres via confocal microscopy on the
R-PE-conjugated microspheres as shown in Fig. 4. In addition, the
network structures were further analyzed via SEM on lyophilized
microspheres prior to R-PE conjugation.

First, confocal micrographs at the center plane of the micro-
spheres (Fig. 4, left columns) show R-PE conjugation profiles
throughout the microspheres, allowing for deeper understanding
of the network structures (i.e., top vs. cross-sectional view of the R-
PE conjugated microspheres). The 10% PEGDA cases show uniform
fluorescence distributions throughout the microspheres prepared
with 0, 10 and 30% PEG600, and brighter fluorescence around the
cores of the microspheres prepared with 20% PEG600, consistent
with the chitosan distribution in Fig. 2. This result indicates again
the formation of large pores that enables complete R-PE penetra-
tion into the microspheres. Next, the microspheres prepared with
15% PEGDA show varying R-PE conjugation profiles depending on
the PEG600 contents. Specifically, the 0% and 10% PEG600 cases
show brighter fluorescence in the shell regions and negligible fluo-
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Fig. 4. Three dimensional network structures of the microspheres. Representative confocal micrographs and SEM images of R-PE conjugated and lyophilized microspheres,

respectively. All scale bars represent 100 pm.

rescence at the cores, indicating hindered penetration of the R-PEs
into the microspheres (i.e., incomplete penetration even after 24 h
incubation) due to small mesh sizes. Importantly, thickness of the
bright shell layer increases with increasing PEG600 content up to
10%, and the addition of higher PEG600 contents (i.e., 20% and 30%)
allows for complete R-PE penetration (i.e., red fluorescence in the
cores). This result reveals again tunable mesh sizes and formation
of macroporous network structures by simple addition of PEG600
porogen in the prepolymer solutions. Meanwhile, higher PEGDA
concentration conditions (above 20%) show minimal increase in
the R-PE penetration even with the addition of the PEG600 (data
not shown).

Next, the SEM images of lyophilized microspheres (Fig. 4, right
columns) support the trends in the R-PE conjugation profiles and
formation of the macroporous network. Specifically, microspheres
prepared with 10% PEG show rough surfaces with “wrinkles” in all
PEG600 content cases. We attribute these wrinkled morphologies
to collapsed hydrogel networks during lyophilization due to macro-
porous network structures that allowed for complete penetration
of R-PEs shown in the confocal images. The wrinkled regions and
holes on the microspheres become larger with higher PEG600 con-
tents, which suggest decrease in polymer content and crosslinking
possibly due to less efficient polymerization with higher PEG600
contents [21]. In the meantime, the 15% PEGDA microspheres pre-
pared with 0% and 10% PEG600 show relatively smooth surfaces
compared to those of 10% PEGDA microspheres. These smooth sur-
faces are attributed to relatively tight network structures resulting
from relatively higher polymer content and polymerization effi-

ciency [21,26]. For the 20% and 30% PEG600 cases, the microspheres
show wrinkled morphologies and rough surfaces similar to the 10%
PEGDA microspheres, suggesting macroporous network formation
by increasing PEG600 contents. Overall, the transition from smooth
to wrinkled morphologies of the 15% PEGDA microspheres corre-
sponds to increase in the R-PE penetration depth shown in the
confocal images, and supports tunable mesh sizes of the network
structures by simple addition of PEG600.

In short summary, the confocal microscopy and SEM results
in Fig. 4 show macroporous nature of the microspheres by using
PEG600 porogen, leading to various 3D network structures and
distributions of the functional groups (i.e., chitosan) ranging from
uniformly porous, center-concentrated and variable shell layers.

3.5. Effect of hydrogel network structures on protein conjugation
kinetics

Finally, we carried out thorough examination of the effect of the
network structures on the kinetic behavior of the protein conjuga-
tion using the R-PE and Tz-TCO ligation reaction, as shown in Fig. 5.
For this, the microspheres prepared with varying prepolymer com-
positions were activated with Tz molecules (Schematic diagram,
Fig. 3). We then incubated Tz-activated microspheres with 2 uM
TCO-modified R-PE, and measured total fluorescence intensities
of the microspheres at varying time points for the 24 h reaction
period. Note, the very rapid nature of the Tz-TCO reaction (i.e.,
k=820M-1s-1)[50] allows the R-PE conjugation to represent diffu-
sion of the R-PEs in the microsphere in a diffusion-reaction coupled
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Fig. 5. R-PE conjugation kinetics with the microspheres. Black vertical and red hor-
izontal dashed lines represent 1 h reaction and maximum conjugation capacity per
each condition, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).

mass transfer system [21,47]. In other words, the observed fluores-
cence intensity is the result of R-PE penetration by diffusion, since
the conjugation occurs as soon as the TCO-modified R-PEs reach Tz
sites even at very low concentration.

First, the total fluorescence intensity of the 10% PEGDA micro-
spheres prepared without the PEG600 porogen (the top graph of
the left column in Fig. 5) gradually increases with time throughout
the 24 h reaction period, which is consistent with our recent study
[26]. Specifically, the total fluorescence intensity reaches maximum
value upon 24h reaction (i.e., conjugation completion, horizon-
tal dashed line), with 25% and 75% of the conjugation completion
upon 1 h (vertical dashed line) and 6 h reaction, respectively. While
the R-PE conjugation results (i.e., complete penetration of the R-
PEs) indicate macroporous network structures of the 10% PEGDA
microspheres, the apparent conjugation kinetics appears slow pos-
sibly due to similar or slightly larger mesh size of the microspheres
compared to the R-PE size [26,47]. The apparent R-PE conjugation
kinetics is considerably improved by using the PEG600 porogen,
reaching 36%, 61% and 66% of the conjugation completion upon
1h reaction with 10%, 20% and 30% PEG600, respectively, and
near-complete conjugation within 6 h. We attribute this improve-
ment in the conjugation kinetics to further increase in the mesh
size of the hydrogel network structure with the PEG600 porogen,
which correlates well with the SEM results (i.e., more wrinkled
microsphere surfaces with higher PEG600 contents, Fig. 4). In
particular, the 10% PEGDA microspheres with 30% PEG600 show
significant improvement in the apparent conjugation kinetics (i.e.,
67% of conjugation completion within 1h) compared to hydro-
gel microspheres without mesh size control, showing roughly 60%

of R-PE conjugation completion upon at least 3 h reaction in our
recent report [26]. Meanwhile, the apparent conjugation kinet-
ics shown here is comparable to that with our recently reported
porosity-tuned polyacrylamide (PAAm) microspheres, whose esti-
mated pore size is roughly 39 nm [47].

The 15% PEGDA microspheres also show improvement in the
apparent conjugation kinetics with the PEG600 porogen, again sug-
gesting an increase in the mesh sizes of the microspheres by the
PEG600 porogen. However, the 15% PEGDA microspheres show
relatively slow conjugation kinetics (i.e., still approaching conjuga-
tion completion even upon 24 h reaction) compared to that of the
10% PEGDA ones. We attribute this to smaller mesh sizes result-
ing from more polymer contents and degree of crosslinking in the
15% PEGDA microspheres. In the meantime, small error bars for
every condition in the fluorescence intensity plots further indicate
consistency of our fabrication-conjugation scheme.

Finally, we also examined the effect of incubation time between
the droplet formation and the UV-induced polymerization on the
apparent R-PE conjugation kinetics in order to further elucidate
the role of PEG600 porogen, while our recent study had already
shown PIPS-based core-shell formation by PEGDA during polymer-
ization [26]. Briefly, the microspheres prepared with 15% PEGDA,
20% PEG600 and 0.5% chitosan showed no difference in either con-
jugation kinetics or 3D structures when the incubation time was
varied from Oh to 24 h between droplet formation and polymer-
ization (data not shown). This result indicates that the improved
protein conjugation kinetics as well as various 3D network struc-
tures observed with varying PEG600 contents stem from during,
not prior to, the polymerization step.

This improved protein conjugation kinetic behavior with
PEG600 porogen is consistent with the static binding assay results
reported by the Doyle group, where full-length mRNA’s with
estimated radii of gyration from 7 to 11 nm were successfully cap-
tured in PEGDA-based hydrogel microparticles prepared with 20%
PEG600 but not with PEG200, without significant deterioration of
binding capacity (i.e. inhibition of co-polymerization) [7]. Notably,
our results in Fig. 5 not only show the progressive improvement
in the apparent protein conjugation kinetics behavior but also
diminishing capacity at higher PEG600 content. Since PEG600 has
substantially smaller molecular weight and volume compared to
the observed protein and mesh sizes yet acts as inert additive and
rinsed away upon polymerization, pinpointing the precise mech-
anism on the modulation of mesh sizes has proven challenging in
our studies. Finally, our attempt at theoretical calculation of the
observed macropore formation phenomena using Hildebrand and
Hansen solubility parameters proved unsuccessful due to the aque-
ous nature of the polymerization environment presenting large
number of unknown variables. Further in-depth investigation on
the fundamental role and mechanism of PEG porogens in aqueous
fabrication conditions is thus much needed.

In summary, the results of substantially improved apparent pro-
tein conjugation kinetics in Fig. 5 clearly indicate tunable hydrogel
network structures and macropore formation by simple modifica-
tion of prepolymer compositions with the PEG600 porogen.

4. Conclusions

In this report, we demonstrated a facile approach to manufac-
ture highly uniform and chemically reactive hydrogel microspheres
with tunable and macroporous 3D networks. Specifically, highly
monodisperse PEG-based hydrogel microspheres were fabri-
cated with a simple micromolding-based technique using surface
tension-induced droplet formation followed by photo-induced rad-
ical polymerization. Short chain chitosan incorporated by simple
mixing in the prepolymer solution provided abundant chemi-
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cal functionality that yielded a wide range of distribution from
uniform, core-shell to center-condensed locations. Its highly nucle-
ophilic nature should thus make chitosan a potent biofabrication
modality in the fabrication of functional hydrogel materials in gen-
eral. Mesh sizes, chitosan distribution and 3D network structures
of the microspheres were readily tuned by simple addition of inert
porogen, PEG600. First, fluorescent labeling study using amidation
reaction showed chemical reactivity of the microspheres and con-
trolled distribution of chitosan (i.e., uniform and core-shell) within
the microspheres depending on PEG600 content in the prepoly-
mer solution. Next, R-PE conjugation studies using Tz-TCO ligation
reaction revealed controlled mesh sizes by adjusting PEG600 con-
tent, leading to formation of macroporous network structures that
allows for complete penetration of the R-Pes. Analysis of R-PE
conjugation kinetics supported tunable mesh sizes of the micro-
spheres with PEG600; enhanced R-PE penetration and conjugation
by increasing PEG600 content (i.e., for 10% PEGDA microspheres,
36%, 61% and 66% of the conjugation completion upon 1h reac-
tion with 10%, 20% and 30% PEG600, respectively) compared to
the microspheres prepared without the porogen (i.e., 25% of the
conjugation completion upon 1h reaction). SEM analysis results
further suggested macroporous network structures of the micro-
spheres, showing wrinkled morphologies that result from collapsed
polymer networks upon lyophilization. Finally, the highly rapid
conjugation kinetics results clearly indicated formation of macro-
porous networks that yielded over 60% reaction completion within
1 h, showing potential for utility in rapid biosensing and diagnostic
applications. Overall, these results illustrate simplicity and robust-
ness of our approach to readily modulate the mesh structures and
to control the 3D network structures of the hydrogel microspheres
such as mesh sizes and distribution of chitosan moieties by sim-
ple addition of inert short-chain PEG additives. We thus anticipate
that our approach shown in this report offers design principles and
promising routes to construct functional microspheres with diverse
3D hydrogel network structures such as core-shell like structures,
enabling manufacture of potent biofunctionalized hydrogel mate-
rials toward biosensing and medical diagnostics applications.
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