
Regular

Contr
hydro

Sukwo
Hyunm
a Departmen
b Departmen
c Division of

a  r  t  i  c

Article histo
Received 8 

Received  in
Accepted 18
Available  on

Keywords:
Hydrogel ne
Chitosan
Poly(ethyle
Protein  con
Click  reactio
Microspher

1. Introd

Hydro
cant pote
arrays fo
Specifical
solid bea
target-pr
assay tim
ing and c
Recent a
micropar
and rapi
micropar
tic assays

∗ Corresp
E-mail a

https://doi.
1369-703X
Biochemical Engineering Journal 135 (2018) 123–132

Contents lists available at ScienceDirect

Biochemical  Engineering  Journal

journa l homepage: www.e lsev ier .com/ locate /be j

 article

olled  network  structures  of  chitosan-poly(ethylene  glycol)
gel  microspheres  and  their  impact  on  protein  conjugation

n  Junga,  Yi  Tanga,  Gyurak  Shimb,  Chang-Soo  Leeb, Chang-Hyung  Choic,
in Yia,∗

t of Chemical and Biological Engineering, Tufts University, Medford, MA, USA
t of Chemical Engineering, Chungnam National University, Daejeon, Republic of Korea

 Cosmetic Science and Technology, Daegu Haany University, Geongsan, Republic of Korea

 l  e  i  n  f  o

ry:
October 2017

 revised form 16 April 2018
 April 2018
line 22 April 2018

twork

ne glycol)
jugation
n

a  b  s  t  r  a  c  t

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,
which  induces  phase  separation  during  the  polymerization.  Fluorescent  labeling  studies  reveal  tunable
distribution  of  the  chitosan  within  the PEG  networks  (i.e.,  uniform  and  core-shell  like  distributions)
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
e 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.

©  2018  Elsevier  B.V.  All  rights  reserved.
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gel microparticle-based suspension arrays hold signifi-
ntial as powerful alternatives to planar and bead-based
r medical diagnostic and biosensing applications [1–4].
ly, hydrogel microparticles offer several advantages over
d-based ones such as solution-like environment for ideal
obe binding with minimal non-specific adsorption, rapid
e, and reduced signal to noise ratio by enhanced load-
apture capacity of probes and targets, respectively [4,5].
dvances in the fabrication techniques of the hydrogel
ticles have enabled convenient shape-based encoding
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d production of complex and/or multicompartmental
ticles, opening doors for multiplexed sensing or diagnos-
. Such techniques include stop-flow lithography [6–8],
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ography [9–11], capillary microfluidics [12–15] and elec-
dynamic co-jetting [16,17].
te such advances, there still exist several critical chal-

 simple and programmable fabrication of the hydrogel
ticles with desired properties. First, most current tech-
cluding microfluidic methods require complex equipment
ate control of microflows and solution properties (e.g.,
and surface tension). Second, the most commonly used
zable unit poly(ethylene glycol) diacrylate (PEGDA) with
cular weight is often not suitable for the creation of large
t permit rapid diffusion and binding of large biomolecular
8–21]. Lastly, the common co-polymerization technique
orate biomolecular probes (e.g., antibodies) with the

 network faces challenges in preserving their biospecific
 due to the harsh radical polymerization environment

There thus exist critical needs for simple and reliable
es to produce hydrogel microparticles with controlled and

acroporous network structures as well as chemical func-

https://doi.org/10.1016/j.bej.2018.04.012
http://www.sciencedirect.com/science/journal/1369703X
http://www.elsevier.com/locate/bej
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bej.2018.04.012&domain=pdf
mailto:hyunmin.yi@tufts.edu
https://doi.org/10.1016/j.bej.2018.04.012


124 rnal 135 (2018) 123–132

tionalitie
biomolec

We re
hydrogel
incorpora
structure
charide th
as an effi
[27–29], 

imparts 

fabricatio
amines an
utilizatio
protein c
there stil
into the m
ics owin
mass tra
in turn c
probes an
network 

shell thic
opment o
sensing p
and/or de
and prot
in Alzhei
[31,32]. T
of fabrica
network 

micropar
In thi

cally incr
and to fur
spheres, 

(scheme 

tion cont
is added
droplets a
hydropho
crosslink
while the
during th
then simp
the micro
3D netwo
ferent sh
paramete
as addres
ment in p
porogen (
prepolym
resulting
ical conju
conjugati
labeling 

network 

conjugati
desirable
acterizati
observed
protein c
into the d
These ins
hydrogel
and lead 

1. Fabrication of chitosan–PEG hydrogel microspheres via a simple
molding-based technique. (a) Chemical structures of main components in pre-
er solution, and schematic diagram describing procedure of the fabrication

 with corresponding bright-field micrographs to each step. Scale bars repre-
200 �m.  (b) Summary of swelling capacity of the as-prepared microspheres
0).
S. Jung et al. / Biochemical Engineering Jou

s that allow for facile and efficient conjugation of the
ules.
cently reported facile fabrication of chemically functional

 microparticles via simple micromolding techniques and
tion of chitosan [18,25,26]. As shown in the chemical

 in Fig. 1(a), chitosan is a naturally derived aminopolysac-
at provides abundant and highly reactive primary amines
cient conjugation handle due to their low pKa value
making it an enabling biofabrication component that
potent chemical functionality [30]. With facile post-
n biofunctionalization approaches using the primary
d bioorthogonal conjugation reactions, we  demonstrated

n of the chitosan-incorporated hydrogel microparticles as
onjugation and biosensing platforms [18,25]. However,
l exist limitations in mass transfer of large biomolecules

icroparticles leading to slow protein conjugation kinet-
g to tightly crosslinked hydrogel networks. Such slow
nsfer leads to longer incubation and assay time, which
an cause compromised results on labile biomolecular
d targets. In addition, imparting a diverse range of 3D

structures including core-shell geometries with tunable
knesses and mesh sizes could open doors for the devel-
f more versatile sensing platforms. For example, such

latforms may  be suitable for accurate size discrimination
tection of larger biomolecular assemblies such as viruses

ein aggregates (e.g., beta amyloid oligomers implicated
mer’s disease or alpha-synuclein in Parkinson’s disease)
herefore, it is imperative that more thorough examination
tion parameters and routes to impart wider ranges of 3D
structures should be conducted toward potent hydrogel
ticle design and manufacturing principles.
s report, we demonstrate a simple approach to drasti-
ease mesh sizes for improved protein conjugation kinetics
ther fine-tune the network structures of hydrogel micro-
by exploiting inert porogens from crosslinking PEGDA
in Fig. 1(a)) [33,34]. Briefly, aqueous prepolymer solu-
aining PEGDA, chitosan and inert short chain PEG porogen

 into PDMS molds, and then the prepolymer solution
re spontaneously formed by surface tension upon placing
bic wetting fluid on the mold [26,35–37]. The droplets are

ed by photo-induced polymerization reaction of PEGDA,
 crosslinked PEG chains create excluded volume by PIPS
e polymerization reaction [26]. The PEG porogens are
ly washed out during rinsing, leaving large pores within
spheres. Notably, this approach enables facile tuning of
rk structures (i.e., core-shell like microspheres with dif-

ell thicknesses and mesh sizes) using simple fabrication
rs such as the PEGDA and PEG porogen content, as well
sing the mass transfer limitation that allows for improve-
rotein conjugation. Specifically, addition of the short PEG
MW  600 Da) at varying concentrations (10–30 v/v%) in the
er solution leads to diverse 3D network structures of the

 hydrogel microspheres and varying distribution of chem-
gation handles, allowing for programmable biomolecule
on profiles within the microspheres. The fluorescent
and protein conjugation results show not only tunable
structures but also enhancement in mass transfer and
on of large biomolecules into the microspheres, highly

 for bioassays in practical clinical settings. In-depth char-
on via confocal microscopy and SEM further supports the

 tunable 3D network structures that lead to controllable
onjugation profiles and kinetics, providing deep insights

Fig. 

micro
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etailed structural features of the hydrogel microspheres.
ights should thus offer promising routes to construct

 microscale materials with varying 3D network structures,
to a significant advancement toward facile manufacturing
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 biofunctionalized microentities for biosensing applica-

ials and methods

rials

an oligosaccharide lactate (average Mn 5 kDa, >90%
tion), poly(ethylene glycol) diacrylate (PEGDA, average
a), poly(ethylene glycol) (PEG600, average Mn 600 Da),
y-2-methylpropiophenone (photoinitiator also known
ur 1173, PI), and saline sodium citrate (SSC) buffer
centrate, molecular biology grade) were purchased from
drich (St. Louis, MO). 5-(and 6-)carboxyfluorescein suc-

 ester (NHS-fluorescein) was purchased from Pierce
logy (Rockford, IL). Trans-cyclooctene (TCO)–PEG4–N-

uccinimide (NHS) ester and tetrazine (Tz)–PEG5–NHS
re purchased from Click Chemistry Tools (Scottsdale,
n 20 (TW20) was purchased from Fisher BioReagentsTM

, MA), poly(dimethylsiloxane) (PDMS) elastomer kits
184) were purchased from Dow Corning (Auburn, MI).
al filter units (Amicon® Ultra 0.5 ml,  EMD  Millipore) were
d from EMD  Millipore (Billerica, MA). Dimethyl sulfox-
O, extra dry) and N-hexadecane (99%) were purchased
OS OrganicsTM (Morris, NJ). 2-propanol (>99.7%) was  pur-
om J.T.Baker® (Center Valley, PA). Red fluorescent protein
rythrin (R-PE in sodium phosphate buffer, pH 7.0 with
m sulfate) was purchased from AnaSpec (Fremont, CA).
emicals were analytical grade, and used without further
on.

ication of chitosan–PEG hydrogel microspheres

brication of hydrogel microspheres, we utilized a simple
lding-based technique as in a recent study [26] with minor
ions. Schematic diagram of Fig. 1(a) describes procedure
rosphere fabrication. Specifically, a PDMS mold consisting
haped microwells (5.14 nL volume with 297 �m in length
m in depth) was prepared first, following standard proce-
ermal curing (overnight at 65 ◦C) of Sylgard 184 elastomer
atio of elastomer to curing agent) on a silicon master
h photolithographically patterned cross shapes [11,38].
er solutions were prepared by mixing PEGDA (10% v/v
v), chitosan (0.5% w/v), PEG600 (0–30% v/v) and deion-
water, and wetting fluid was prepared by mixing 1% v/v

 N-hexadecane. To fill the microwells with the prepoly-
tions, the as-prepared PDMS mold was covered with the
er solutions and rubbed with a disposable pipet tip. The
epolymer solutions were then removed with a pipette,
lled mold was covered with the wetting fluid. Importantly,
edure was conducted in a humidity chamber with ∼95%

 in order to minimize loss of water content in the nL vol-
e prepolymer solution by rapid evaporation [11]. Next,

 covered with the wetting fluid was left on an aluminum
horlabs, Newton, NJ) for at least 2 min, and the droplets
polymer solution were formed by surface tension at the
between the prepolymer solution and the wetting fluid.
nk the droplets by photo-induced polymerization, 365 nm

as irradiated with an 8 W hand-held UV lamp (Spectron-
 Westbury, NY) for 5 min. The crosslinked droplets (i.e.,
eres mainly consisting of PEG networks) were then col-
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surement of swelling ratio and water content

e measurement of swelling ratio and water content of
ospheres, we  first stored the as-prepared microspheres
W20 buffer solution for at least 1 day to reach equilib-
lling (i.e., wet state). The microspheres were then imaged

 Olympus BX51 microscope (Center Valley, PA) under a
ld mode, and their diameters (dwet) were measured with

 analysis software ImageJ [39]. To measure diameters of
spheres under dry state (ddry), lyophilized microspheres

lyzed via SEM (further details in the imaging analysis sec-
w). These diameters under wet and dry state were then
o compute the volumetric swelling ratio:

Ratio = Vwet

Vdry

r content:

ontent=
Vwet − Vdry

Vwet
× 100%

et and Vdry represent sphere volumes under wet and dry
spectively. To ensure accuracy of the computed swelling

 water content, we  analyzed at least 20 microspheres per
dition.

rescent labeling and chemical modification of
PEG hydrogel microspheres

el the microspheres with fluorescein dyes via amida-
tion [40], a constant number (∼40) of the microspheres
bated in SSC–TW20 buffer solution with 100 �M of NHS-

in for 1 h at room temperature. To remove unreacted
pecifically bound fluorescein molecules, the microspheres
ed 3 times with aqueous 2-propanol solution (50% v/v).

, the microspheres were activated with Tz molecules via
 amidation reaction. A constant number (∼40) of the
eres were incubated in SSC–TW20 buffer solution with
of Tz–PEG5–NHS ester for 1 h at room temperature, and

icrospheres were washed 5 times with SSC–TW20 buffer
o remove unreacted chemicals.

ical modification of proteins

ivate R-PEs with TCO molecules, we utilized amidation
between lysines of proteins and NHS-ester groups of
4–NHS ester molecules. For the efficient amidation reac-
first exchanged buffer solution of the purchased R-PE

for borate buffered saline buffer solution (50 mM borate,
aCl, pH 8.5) via centrifugal filtration at 4 ◦C (i.e., increase

 value) [41]. Next, 2 mg/mL  of the R-PEs were incubated
fold molar excess of TCO–PEG4–NHS ester for 30 min  at

perature. The activated R-PEs were purified from unre-
micals via centrifugal filtration (Amicon Ultra 0.5) with
r solution (pH 7.4) following the manufacturer’s stan-

tocol. Concentrations of the final R-PE solutions were
ed by using UV–vis spectrophotometry (EvolutionTM 300
ectrophotometer, Thermo scientific, Waltham, MA) with
cteristic absorbance peaks and molar extinction coeffi-

the R-PE (1.96 × 106 M−1 cm−1 at 565 nm) [42].

in conjugation with microspheres
jugate R-PEs with the microspheres and investigate con-
kinetics, we utilized Tz–TCO ligation reaction; roughly
activated microspheres were reacted with 2 �M of TCO-

 R-PEs for varying times (0–24 h) in SSC–TW20 buffer



126 rnal 13

solution a
microsph

2.7. Imag

The  fl
were ima
equipped
PA) and 

TCS SP2 

tion (pH 7
with a 10
(U-N3100
VT) for th
spheres, 

20 × obje
cently lab
Fluoresce
the imag
least five
microsco
washed 3
times wi
the buffe
freeze-dr
MO). The
coated w
108 Auto
with a sc
JEOL USA

3. Resul

3.1.  Cons
varying co
technique

We fir
nique allo
microsph
taining s
the schem
filled wit
mixture 

ting fluid
micromo
by surfac
polymer 

bright-fie
photo-ind
leads the
graph). S
reactive r
with the 

icals [43]
chain-ini
of polym
During th
rated wit
acrylates
that the i
functiona
efficiency
the cross
phase sep

atio
 discu

e fi
osph

 solu
600) 

ts. A
 eith
ed 

ntly 

ined
eas

omo
 mic
s an

 sim
ent c
ing 

ent a
DA in
well
asin

 sho
omo
res w
us p

s).

Effec
osph

ext,  

ared
ine 

n wit
ram,
itosa

r der
titut
visua
san 

irst,  

res w
 un

 lead
s pre
, the
nct fl
e on
S1), 

osph
esce

on an
ined

ar to
ared
. The

 the 

 fluo
s den
iform
ns. C
S. Jung et al. / Biochemical Engineering Jou

t room temperature. To remove unconjugated R-PEs, the
eres were washed 5 times with SSC–TW20 buffer solution.

ing analysis

uorescently labeled and R-PE conjugated microspheres
ged with an epifluorescence microscope (Olympus BX51

 with a DP70 microscope digital camera, Center Valley,
a confocal microscope (Leica DMIRE2 equipped with a
scanner, Wetzlar, Germany) in SSC–TW20 buffer solu-
.0). Specifically, epifluorescence micrographs were taken

 × objective under standard green (U-N31001) and red
2) filter sets (Chroma Technology Corp., Rockingham,
e fluorescently labeled and the R-PE conjugated micro-
respectively. Confocal micrographs were taken with a
ctive at 488 nm and 543 nm excitation for the fluores-
eled and the R-PE conjugated microspheres, respectively.
nce intensities of the microspheres were analyzed with
e analysis software ImageJ [39], and averaged for at

 microspheres per each condition. For scanning electron
py (SEM) analysis, the as-prepared microspheres were

 times with DI water containing 0.5% v/v TW20 and 2
th DI water in order to avoid formation of salts from
r solution during drying process. The microspheres were
ied for 24 h in a lyophilizer (Labconco Corp., Kansas City,

 lyophilized microspheres were then placed on a stub and
ith a thin gold–palladium layer using a sputter coater (The

 Sputter Coater, Ted Pella, Inc., Redding, CA), and analyzed
anning electron microscope operating at 5 kV (JEOL 5910,
, Inc., Peabody, MA).

ts and discussion

istent fabrication of uniform hydrogel microspheres at
ntents of the porogen with the micromolding-based

st demonstrate that our simple micromolding-based tech-
ws for consistent fabrication of highly uniform hydrogel
eres at varying compositions of prepolymer solution con-
hort PEG porogen (PEG600). Specifically, as shown in

e of Fig. 1(a), the cross-shaped PDMS micromolds are
h photocurable prepolymer solution containing aqueous
of PEGDA, PEG600 and chitosan. The addition of wet-

 (N-hexadecane with photoinitiator, PI) onto the filled
lds induces formation of uniform prepolymer droplets
e tension between the interface of the hydrophilic pre-
solution and the hydrophobic wetting fluid (leftmost
ld micrograph in the bottom row of Fig. 1(a)). Simple
uced polymerization with a hand-held UV lamp (365 nm)

 droplets to form uniform microspheres (middle micro-
pecifically, the UV light induces formation of highly
adicals from the PI via photolysis, and the radicals react

acrylate groups of PEGDA generating chain-initiating rad-
. Successive addition of PEGDA then takes place by the
tiating radicals, leading to rapid growth and crosslinking
er chains and thus formation of the hydrogel networks.
is propagation step, chitosan molecules can be incorpo-

h the networks in a stable manner by the reaction between
 of PEGDA and primary amines of chitosan [18,25]. Note
ncorporated chitosan still retains majority of its chemical
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n of macropores in the microspheres upon washing (fur-
ssed in the following sections).

rst examined the uniformity and water content of the
eres prepared with varying compositions of the prepoly-
tion (i.e., 10 v/v% and 15 v/v% PEGDA with 0–30 v/v%
via simple microscopic image analysis and drying exper-
s shown in the table of Fig. 1(b), microspheres fabricated
er 10% or 15% PEGDA and varying PEG600 contents all
uniform wet  and dry diameters, as indicated by con-
small standard deviations from minimum 30 samples

 per condition and three different directions in diame-
ured per sample. This result illustrates that our simple
lding-based technique enables fabrication of highly uni-
rospheres in a consistent manner. The volumetric swelling
d water contents calculated from these measurements
ilarly high values under varying PEGDA and PEG600

onditions, with microspheres prepared with 15% PEGDA
relatively lower swelling ratios rising from higher PEGDA
nd more efficient polymerization than the ones from 10%

 general [21,26]. There exists a modest trend of increas-
ing ratio (4.2 to 4.9) and water content (76% to 80%) with
g PEG600 contents for the 15% PEGDA conditions.
rt summary, the results in Fig. 1 show that our simple
lding technique enables reliable fabrication of micro-
ith consistent dimensions and high water content from

repolymer compositions (i.e., PEGDA and PEG600 con-

t of porogen contents on distribution of chitosan within
eres

we carried out simple fluorescent labeling of the as-
 microspheres with amine reactive fluorescent markers to
distribution of reactive primary amine groups from chi-
hin the microspheres (Fig. 2). As shown in the schematic

 the unshared electron pair of the primary amine group
n and the electron-deficient carbonyl carbon of the NHS
ivative of fluorescein (NHS-fluorescein) undergoes acyl
ion reaction to form a stable amide linkage, enabling sim-
lization of the presence, reactivity and distribution of
[19].
the bright-field images of all the as-prepared micro-
ith varying PEGDA and PEG contents (leftmost columns)

iform sizes as in Fig. 1(b), while increasing PEG con-
s to darker appearances for both 10% and 15% PEGDA
sumably due to the formation of macropores [47,48].

 epifluorescence images (top view, middle columns) show
uorescence on the microspheres unlike negligible fluores-

 the microspheres without chitosan (Supplementary Data,
indicating successful incorporation of chitosan with the
eres and specific nature of the reaction. Importantly, the
nt labeling results show striking differences in the distri-
d intensity of fluorescence (i.e., chitosan) in the conditions

 here. For the 10% PEGDA case, the chitosan moieties
 be distributed uniformly throughout the microspheres

 without PEG600 as consistent with our previous report
 addition of 10% PEG600 does not appear to significantly
chitosan distribution unlike 20% PEG600 condition, where
rescence on a small region in the microsphere core indi-
se chitosan. Meanwhile, the addition of 30% PEG600 leads

 yet lower fluorescence intensity compared to other con-
onsidering small size of the fluorescein marker used here

d diameter d≈0.7 nm,  MW 473.4 Da) [49] and thus its min-
s transfer limitation into the microspheres [18,26,47], the
escence intensity is attributed to lower chitosan incor-
efficiency. This result is attributed to interference of
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zation reaction by high PEG600 content [21]. Next, the
eres prepared with 15% PEGDA show brighter fluores-
us denser chitosan) in the core region in general, unlike
EGDA microspheres. Chitosan density appears to increase
easing PEG600 concentration from 0% to 20%. As simi-

 10% PEGDA case, the 15% PEGDA microspheres prepared
 PEG600 show low fluorescence, again presumably due
rence of chitosan incorporation by high PEG600 content.
e confocal microscopy images taken at the center plane of
scently labeled microspheres (rightmost columns) corre-

with and further confirm the chitosan distribution shown
ifluorescence images. Notably, the results in Fig. 2 indi-
ble chitosan distribution (i.e., conjugation handles) in
spheres via simple addition of PEG600 and adjustment

lymer compositions, which may  enable programmable
ule conjugation. In the meantime, higher PEGDA concen-
nditions (≥20%) show minimal change in the chitosan

on even with the addition of the same PEG600 contents
 here (data not shown). We  will thus focus on the pre-

compositions examined here for the protein conjugation
nt in the following sections (i.e., 10% and 15% PEGDA,
G600).
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This resu
diagram describing the amidation reaction between primary amine in
cence and confocal micrographs of microspheres prepared with varying

roporous hydrogel networks formed by porogen:
 protein penetration into the microspheres

hen examined the network structures of the micro-
n more detail by conjugating a red fluorescent protein
rythrin (R-PE), as shown in Fig. 3. R-PE is a good model
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tuned polyacrylamide (PAAm) microspheres, whose esti-
re size is roughly 39 nm [47].

5% PEGDA microspheres also show improvement in the
 conjugation kinetics with the PEG600 porogen, again sug-
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 report, we  demonstrated a facile approach to manufac-
ly uniform and chemically reactive hydrogel microspheres
able and macroporous 3D networks. Specifically, highly
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nduced droplet formation followed by photo-induced rad-
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