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a  b  s  t  r  a  c  t

The  effect  of  PEGylation  on  the  thermal  response  and  protein  adsorption  resistance  of  crosslinked  PNI-
PAm microgels  was  investigated.  It  was  found  that  the  presence  of  PEG,  its molecular  weight (Mn 300
and  1100  g/mol)  and  its concentration  (10, 20,  and  30 wt.%)  each  significantly  influenced  both  the  value
and  breadth  of  the  volume  phase  transition  temperature  (VPTT)  and  the  adsorption  of  bovine  serum
albumin  (BSA)  on  the  surface  of  the  microgels.  Specifically,  as the  degree  of PEGylation  increased,  the
value  and breadth  of  the  VPTT  increased,  and  the  adsorption  of  BSA  decreased  significantly.  The  criti-
cal  concentration  that  minimizes  protein  adsorption  on PNIPAm-co-PEGMa  microgels  was  found  to  be
20 wt.%  of  PEGMa.  This  critical  concentration  was  confirmed  qualitatively  using  laser  scanning  confocal
microscopy  (LSCM).  Evidence  for the  effect  of the  molecular  weight  of  PEG  on the structure  of PNIPAm-
co-PEGMa  microgels  was  provided  by thermal  analysis  using  differential  scanning  calorimetry.  The  VPTT
study revealed  significant  differences  in  the composition  of  the  microgels  when  PEGMa samples  with
nti-fouling coatings two  different  molecular  weights  were  used  as comonomers  with  PNIPAm.  It  was  determined  that  the
molecular  weight  and  concentration  of  PEGMa  controls  the  structure  of  the  microgels,  which  in turn
influences  their  temperature  response  and protein  adsorption  resistance  properties  of  the  microgels.
Our  work  establishes  specific  design  concepts  for  controlling  the  molecular  architecture  of  the  hydro-
gels in  order  to  tune  their  temperature  response  and  biocompatibility  for  use  in a variety  of  biomedical
applications  such  as, cell  encapsulation,  drug  delivery  and  tissue  engineering  applications.
. Introduction

Poly(N-isopropyl acrylamide), PNIPAm microgels are among the
ost studied smart materials as vehicles for drug delivery sys-

ems. Hydrated microgels of crosslinked PNIPAm have been shown
o exhibit a significant volume change at a temperature of 32 ◦C,
nown as the volume phase transition temperature or VPTT [1–3].

At or above VPTT the hydrated microgel collapses and
eleases the aqueous solution from within. Accordingly, microgel
eswelling at VPTT can be used as a mechanism for drug loading
nd drug delivery. When their VPTT is tailored to be at or above
hysiological temperature, PNIPAm microgels become especially
ttractive for biomedical applications.

In order to use PNIPAm microgels as a delivery system, many
ther factors need to be explored. Biocompatibility of the microgel
s one of the most important. The cytotoxicity of PNIPAm has been

tudied with mixed results. In general, acrylamide-based polymers
ave been shown to be cytotoxic, leading to activation of platelets
n contact with blood [4].  More recent studies [5–8], however,
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showed no acute toxicity when PNIPAm was used in eye-drop
preparations or as a new embolic material for neurosurgery. To
ensure the successful use of PNIPAm-based microgels in biomedical
applications, its biocompatibility may  need to be improved.

PEGylation is a common technique used to improve the bio-
compatibility of foreign matter and increase circulation time in
the body for proteins, drugs, and drug delivery vehicles [9–16].
PEGylation involves covalently bonding polyethylene glycol (PEG)
or polyethylene oxide (PEO) to a species of interest (molecule or
particle). PEG and PEO are water-soluble, uncharged, non-toxic,
and non-immunogenic polymers [9,10,17–19]. In the body, they
form a protective hydration layer on the surface of the species
of interest, providing steric hindrance that prevents interaction
of proteins with the species. This is known as the “stealth-effect”.
The hydrophilic nature of PEG also minimizes non-specific protein
interaction of the PEGylated species, which is believed to play a
key role in determining its biocompatibility [20]. We  reported pre-
viously that PNIPAm-co-PEGMa microcapsules showed significant
improvement in the cell viability of encapsulated yeast cells while

maintaining their thermoresponsive properties [21].

Recently, Gan and Lyon [18] reported on the effectiveness of
PEG modification to decrease protein adsorption on PNIPAm col-
loidal microgels. PEG-modified PNIPAm core-shell microgels were

dx.doi.org/10.1016/j.colsurfb.2012.10.053
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
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ynthesized via a two-stage free radical precipitation polymeriza-
ion using a thermal initiator and a single molecular weight (Mw) of
000 g/mol PEG. Using the two-stage (seeded polymerization) they
ttempted to incorporate PEG either within the core or shell of the
ub-micron sized microgel particles that were stabilized by anionic
urfactants. Unexpectedly, it was found that PEG side chains were
ble to reduce the adsorption of bovine serum albumin onto PNI-
Am microgels when PEG was incorporated both within the core
nd the shell. An analysis of the potential competitive adsorption
etween the surfactant and BSA was not made in order to clarify
hether the surfactant could be a contributor to the similar protein

dsorption results obtained for the microgels prepared when PEG
s localized in either the particle core or shell.

On the contrary, in our study a simple but robust “microarray
echnique” was used to synthesize PNIPAm-co-PEGMa microgels
hat are surfactant free. This is a batch process that facilitates prepa-
ation of individual microgels singly or many in an array, each with
ighly monodispersed particle size and copolymer composition.
his technique was designed as a proof-of-concept process to control
he microgels’ structure, composition and particle size. This control
acilitated a systematic investigation of the effect of PEGMa molec-
lar weight, concentration, and temperature on protein adsorption
n the surface of surfactant-free microgels. Also, in the present
tudy, the protein adsorption was confirmed experimentally using
wo very different techniques. A direct measurement by visual-
zation of the protein adsorption of fluorescently labeled BSA was

ade by LSCM and a more quantitative measurement of BSA pro-
ein adsorption was made by UV–vis spectrophotometry.

It was expected that the presence of PEG would profoundly alter
he properties of the microgels. Specifically, hydrophilic modifi-
ation of PNIPAm with PEG was expected to decrease its protein
dsorption and its hydrophilic–hydrophobic balance, which in-turn
ould influence its thermoresponsive behavior. To examine the

bove hypotheses, microgels of PNIPAm and PNIPAm-co-PEGMa
ith varying degrees of PEGylation (0–30 wt.%) were synthesized

nd compared. PEG macromonomers with number average molec-
lar weights (Mn) of 300 and 1100 g/mol were also compared.
ovine serum albumin (BSA) was used as a model protein in order
o investigate the influence of PEGylation on biocompatibility of
NIPAm-based microgels because it is the most abundant serum
rotein in mammals.

In summary, our study aims to provide a fundamental under-
tanding of the effect of PEG, its concentration, and its molecular
eight on properties related to the performance of PNIPAm-co-

EGMa microgels in drug delivery applications.

. Materials and methods

.1. Materials

All chemicals used in this study were purchased from
igma–Aldrich (Milwaukee, WI), unless otherwise noted,
nd were used as-received without further purification. N-
sopropylacrylamide (NIPAm) and acrylamide (Am) were used
s comonomers. N,N′-methylenebisacrylamide was used as the
rosslinker (MBAm). Polyethylene glycol monomethyl ether
onomethacrylate (PEGMa) macromonomer with a Mn of 300 or

100 g/mol was used as an additional comonomer.
Anthraquinone-2-sulfonic acid sodium salt monohydrate and

,2-dimethoxy-2-phenylacetophenone were used together as pho-
oinitiators. Low viscosity, high density mineral oil was  used as

he continuous phase for water-in-oil (w/o) emulsions used to
ynthesize the microgels. Fluorescein isothiocyanate (FITC) (Fluka)
as used to fluorescently label the aqueous phase (containing

he monomers) during the microgel synthesis and temperature
ces B: Biointerfaces 103 (2013) 244– 252 245

response study but not for the protein adsorption study. BSA was
used as a model protein in the quantitative protein adsorption
study, while FITC-tagged BSA (4 mol  dye/mol, Invitrogen) was used
in the corresponding qualitative LSCM study. Deionized (DI) water
was purified using Millipore Elix 3 system (18 M�-cm resistivity)
and used in all experiments. Details of the recipe and chemical com-
positions of PNIPAm-based microgels was  given previously [21].

2.2. Synthesis of PNIPAm-based microgels

A microarray technique was used to synthesize the thermore-
sponsive microgels. A detailed description of this technique has
been described elsewhere [21]. This technique allows for real-time
observation under a microscope and only requires a small amount
of material. It is important to note though, that this technique
does not utilize surfactants to stabilize the microgels; therefore
it can be considered a surfactant-free process as in the case of
Pickering emulsions for example [22]. It is a small-scale batch
process, which when scaled-up will require the use of surfac-
tants to stabilize the microgels. Briefly, using PDMS (Sylgard® 184)
coated hanging-drop microslides we filled the cavities on the slide
with 250 �L of mineral oil. Then, aqueous (1 �L) droplets con-
taining monomer, comonomers, crosslinker, photoinitiators, and
fluorescent dye (in all cases but protein adsorption studies) were
placed on the surface of mineral oil in each microslide cavity. The
photopolymerization was initiated by irradiating with UV light
(Sylvania H44GS-100 Mercury Vapor Black Light) positioned 10 cm
above the microslide. The polymerization was completed within
30–45 min  with the final product a spherical microgel with a diam-
eter of approximately 500 �m that floats on the surface of the
mineral oil.

2.3. Effect of PEGylation on volume phase transition temperature

VPTT of PNIPAm-based microgels was  studied using laser scan-
ning confocal microscopy (LSCM) and confirmed by differential
scanning calorimetry (DSC). The LSCM (Fluoview300, Olympus)
equipped with a digital camera (DP7, Olympus) allowed real-time
observation of the microgels. Images of PNIPAm-based microgels
were acquired at 5 ◦C increments from 25 to 55 ◦C. Temperature
control during microscope observations was achieved by using a
warm-stage (WS50-STC20A, Instec) fixed to the stage of the micro-
scope. The samples were equilibrated at each temperature for at
least 5 min  before microscope images were acquired. The nor-
malized difference in diameter and the deswelling ratio of the
microgels were calculated using Eqs. (1) and (2),  respectively.

The particle sizes were determined from the microscope images
using NIH ImageJ analysis software. The individual particles in the
microscope images were detected by applying a segmentation algo-
rithm available within the ImageJ program. This algorithm sets
the threshold level, where pixel intensities below a set level were
assumed to be associated with individual microgels. For each dis-
tinct microgel detected, its dimensions were determined by fitting
the projected area diameter which is defined as the diameter of a
sphere having the same projected area as the microgel. This method
was chosen so as to ensure that the circular and non-circular micro-
gels were all measured using a consistent criterion.

The temperature dependent diameter was  calculated as follows:

Dn = D25◦C − DT

D25◦C
(1)
Q = D25◦C − D55◦C

D25◦C
(2)

where Dn is the normalized difference in diameter of a sample at
temperature (DT ) compared to its initial diameter at 25 ◦C (D25 ◦C)
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nd Q is the normalized deswelling ratio of the difference in diam-
ter of the sample at 55 ◦C compared (D55 ◦C) to its initial diameter
t 25 ◦C (D25 ◦C).

The experiment is conducted at the highest temperature of
5 ◦C, mainly to ensure that the temperature is greater than the
PTTs of the microgels (highest at ∼48 ◦C for 10 wt.% PNIPAm-co-
EGMa Mn 1100 g/mol, as indicated in the DSC result). Even at
5 ◦C, complete deswelling of thermoresponsive hydrogels may  not
ccur. In fact, it is well known that a significant amount of fluid,
up to 30%) remains in PNIPAm gels at temperatures above the
PTT of the hydrogel [23]. Since 45 ◦C is the human pain thresh-
ld [24], it is advisable to not employ thermal therapies in the body
hat exceed that temperature. As such, using 55 ◦C as the maximum
esting temperature is appropriate to understand the temperature
esponsive property of the microgels above VPTT. No additional
seful information for the drug application will be obtained if the
est is performed above 55 ◦C.

DSC (Q200, TA Instruments) was used to determine the VPTT of
NIPAm and PNIPAm-co-PEGMa copolymers. The microgels were
repared via the microarray technique and were first rinsed with
I water to remove the mineral oil from their surface. They were

hen soaked in DI water for 24 h to ensure they were fully hydrated.
hese fully hydrated microgels were then tested against DI water
hich was used as the reference. A scanning rate of 5 ◦C/min
nder nitrogen gas purge was employed. The second heating of
he heat–cool–heat cycle was used to analyze the calorimetric data
via TA Universal Analysis software) in order to determine the VPTT
nd melting transition (Tm).

.4. Effect of PEGylation on serum protein adsorption

Two protein adsorption experiments were performed. First,
 qualitative protein adsorption study was performed via LSCM.
he purpose of this experiment was to directly observe the pro-
ein adsorption onto the microgels’ surface using FITC-tagged BSA.
he microgels were synthesized using the previously described
icroarray technique except that the FITC dye was not used [21,25].

hree microgels were incubated in FITC-tagged BSA protein solu-
ion (1.0 wt.% in 0.1 M phosphate buffered saline [PBS]) at room
emperature for 24 h to achieve saturation in adsorption. The sam-
les were then separated from the protein solution and quickly
insed with DI water before observations under LSCM. Using LSCM
ith an excitation wavelength (�ex) of 495 nm and emission wave-

ength (�em) of 518 nm,  only FITC-tagged BSA protein can be seen.
herefore, this experiment revealed coverage of PEG on the surface
f the microgels assuming that protein adsorbs on PNIPAm but not
n PEG.

In addition, it is expected that there will be some absorbance
f BSA onto the quartz cuvette and glass vials that held the sam-
les via ionic amine–silanol bonding and hydrogen bonding. It was
ssumed however, that the amount of protein adsorbed on the
uvette or glass is the same in all samples and the results obtained
hould be considered normalized. The differences shown for each
ample are the result of 30 different microgels. The results were
eproducible and repeatable.

Second, a quantitative protein adsorption study was  conducted
sing UV–vis spectrophotometry. The intrinsic absorbance of aro-
atic amino acids in BSA at 280 nm was measured using a UV–vis

pectrophotometer (Lambda 1806) [26]. Various concentrations of
SA solutions were prepared in 0.1 M PBS buffer to establish a
tandard curve (see Fig. S1 in Supporting Information). With the
tandard curve, a linear relationship between UV absorbance inten-

ity and BSA concentration indicates that Beer–Lambert’s law can
e applied to determine the concentration of an unknown protein
olution. An optimization experiment was performed to deter-
ine the BSA concentrations that fell within the linear dependence
aces B: Biointerfaces 103 (2013) 244– 252

of absorbance on concentration as delineated by Beer–Lambert’s
law. Typically the rule of thumb is to use concentrations that give
absorbance in the range 0.5–1.0. In the present study, 30 micro-
gels at a concentration of 0.07 mg/mL  gave BSA absorbance within
this range. Consequently, the effect of PEGylation on the protein
adsorption was examined by introducing thirty microgels of each
sample into 4 mL  of 0.07 mg/mL BSA in 0.1 M PBS solution.

The mixtures were incubated as before, by standing at 25 and
37 ◦C for 24 h to achieve saturation in adsorption. It was verified
in a control experiment that 24 h is sufficient to reach equilibrium
in adsorption (see Fig. S3 in Supporting Information). The super-
natant was then extracted, and by using Beer–Lambert’s law, the
concentration of BSA protein remaining in the supernatant was
determined. The concentration of BSA protein adsorbed on the
microgels was  then calculated from the difference in the concentra-
tions before and after incubation. Three replicates of each microgel
were performed and are presented as an average value ±1 standard
deviation.

3. Results and discussion

3.1. Effect of PEGylation on PNIPAm-based microgel morphology

It has been shown [27–29] that the cross-linker distribution
within PNIPAm microgels particles is in general, heterogeneous.
It was explained by McPhee et al. [30] that the cross-link density
decreases from the center to the periphery because of the differ-
ence in reactivity ratios of the comonomers. They have shown that
the reactivity of MBAm is greater early on in the synthesis and
hence the cross-linker is consumed at a faster rate, earlier than
NIPAm, resulting in a higher crosslinked core. In addition, the reac-
tivity ratios of NIPAm and PEGMa reported by Alava et al. [31]
are rNIPAm = 1.2 and rPEGMa = 0.13, respectively which indicates that
NIPAm prefers to react to its own  species and PEGMa prefers to
react to another species rather than itself. From this information
we can safely hypothesize that the general microgel architecture is
as shown in Fig. 1.

This morphology in principle is also supported by the miscibil-
ity of the comonomers and their corresponding polymers’ expected
phase separation after polymerization due to the migration by dif-
fusion of the more hydrophilic PEG to the outer surface leaving
the less hydrophilic (relatively) PNIPAm toward the inner shell and
core. This hypothesis was tested by elucidating the effect of Mw and
concentration of PEG in the microgels on its temperature response,
VPTT and protein adsorption the results of which are presented in
the next section.

3.2. Effect of PEGylation on temperature response and volume
phase transition temperature of PNIPAm-based microgels via
LSCM

The VPTT of PNIPAm can be increased by copolymerization
with hydrophilic comonomers. In the current study, PNIPAm-co-
Am (hence-forth referred to as PNIPAm microgels for simplicity)
possess a VPTT in the range of 32–35 ◦C. By incorporating another
hydrophilic monomer – PEGMa, it is expected that the VPTT would
be further increased to between 38 and 45 ◦C.

The temperature response of PNIPAm microgels over the tem-
perature range of 25–45 ◦C is illustrated in Fig. 2. The confocal
images show the PNIPAm microgel decrease in size as the tem-
perature is increased. Quantitative measurements of the microgel

shrinkage were conducted by determining its diameter at differ-
ent temperatures and then normalizing this to its initial diameter
measured at 25 ◦C. The comparison of the normalized differ-
ence in diameter of PNIPAm-based microgel and its copolymers



T. Trongsatitkul, B.M. Budhlall / Colloids and Surfaces B: Biointerfaces 103 (2013) 244– 252 247

Fig. 1. Illustration of hypothesized structure of PEGylated PNIPAm microgel based on the reactivity ratios of the comonomers used in the system.
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ig. 2. LCSM micrographs of PNIPAm microgel showing deswelling as the temperat
SCM  study only.

NIPAm-co-PEGMa is shown in Fig. 3. A higher normalized differ-
nce in diameter indicates a larger decrease in diameter. A sharp
lope over a range of temperatures indicates a significant change
n diameter or the VPTT of the microgel. The plot of the normalized
ifference in diameter of PNIPAm microgel in Fig. 3(a) exhibits the
aximum change in slope as the temperature is increased from 30

o 35 ◦C. This indicates that the maximum deswelling of PNIPAm
icrogel occurred within this temperature range. The latter tem-

erature falls within the typical lower critical solution temperature
r LCST for PNIPAm.

To investigate the effect of chain length on the overall phase
ransition temperature and the temperature response behavior of
he microgels, PNIPAm was copolymerized with PEGMa with two
ifferent molecular weights (Mn 300 and 1100 g/mol).

The temperature response results for PNIPAm and PNIPAm
opolymerized with a low molecular weight PEGMa (Mn 300 g/mol)
t different concentrations (10, 20, and 30 wt.%) are shown in
ig. 3(a). The presence of PEGMa in the PNIPAm microgel caused
he deswelling to occur at higher temperatures and over a broader
emperature range compared to that of PNIPAm microgel alone.
his result is similar to that observed previously [18,19,32–36]. The
idening and increase of VPTT is due to the greater hydrophilic
ature of PEG compared to PNIPAm, which results in shifting of
he hydrophilic/hydrophobic balance of the microgel. This change
n temperature response behavior implies that the PEGylated PNI-
Am microgel is less temperature responsive and its response is
ess defined as compared to the PNIPAm microgel without PEG.
his effect becomes more pronounced as the PEGMa concentration
n the microgel is increased.

A broadening and increase in VPTT was also obtained when
 higher molecular weight of PEGMa (Mn 1100 g/mol) was used
Fig. 3(b)). At the highest concentration tested (30 wt.% PEGMa),

wo distinct deswelling events occurred. The first occurred when
he temperature was increased from 30 to 35 ◦C and the sec-
nd when the temperature was increased from 45 to 55 ◦C.
he result suggests that these two transitions belong to VPTT
increased. FITC is used to fluorescently label (green fluoresence) the polymer in the

of PNIPAm (homopolymer) and PNIPAm-co-PEGMa (copolymers),
respectively. The presence of long chains of PEGMa (1100 g/mol)
may  enhance their phase separation from PNIPAm during polymer-
ization, therefore the characteristic VPTT of PNIPAm was observed.
This hypothesis was tested by DSC and is discussed in the following
section.

For both molecular weights, the microgels became less tem-
perature responsive with increasing concentration of PEGMa as
indicated by a shallower slope (Fig. 3). At the highest concentra-
tion (30 wt.%), a dramatic reduction was seen in the temperature
response as indicated by little or no change in the size of the
microgel.

3.3. Effect of PEGylation on the volume phase transition
temperature of PNIPAm-based microgels via DSC

3.3.1. Low molecular weight PEGMa Mn 300 g/mol
The effect of PEGylation on the transition temperature of

PNIPAm-based microgels was further analyzed using DSC. It
has been reported in the literature that PNIPAm homopolymer
crosslinked with MBAm,  has a VPTT of 32 ◦C in the aqueous phase
[1–3]. As shown in Fig. 4, a single endothermic peak corresponding
to the VPTT for the PNIPAm copolymerized with Am and crosslinked
with MBAm,  was found at ∼34 ◦C. PEGMa (Mn 300 g/mol) microgel,
however, does not possess any transition temperature in the testing
range. The lack of the melting endotherm in the latter indicates that
no long blocks of PEGMa polymer chains are formed. In addition, no
melting transition was  found in the copolymers prepared with this
lower Mn 300 g/mol PEGMa as well. Instead, the single endother-
mic  transition found at all PEGMa concentrations is attributed to the
VPTT of the PNIPAm-co-PEGMa copolymer. This VPTT increased to
43–44 ◦C and its width and height increased with increasing PEGMa

concentration as compared to that of the PNIPAm-based microgel
without PEGMa.

These results implied that a greater amount of energy is required
for the volume phase transition to take place. In other words, the
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0 wt.% (©), 20 wt.% (�), and 30 wt.% (�). The error bar is omitted as the standard
eviation is within the size of the symbol. Each data point represents an average
alue of at least three replicates.

icrogels containing PNIPAm-co-PEGMa copolymer became less
esponsive to thermal stimuli as compared to the PNIPAm-based
icrogels prepared without PEGMa. These results also agree well
ith our temperature response study using LSCM discussed earlier.

n principle, a single endothermic peak corresponding to the VPTT
long with its shift to higher temperature indicates that a random
opolymer of PNIPAm and PEGMa was formed in this case.

.3.2. High molecular weight PEGMa Mn 1100 g/mol
The DSC thermographs of the microgels prepared with PNIPAm-

o-PEGMa (Mn 1100 g/mol) copolymer lacked the melting point of
EGMa at 36 ◦C but, revealed two endothermic peaks, one at ∼32 ◦C
nd the other ranging from 45.9 to 48.1 ◦C. The disappearance of
he melting transition indicated that all of the PEGMa copolymer-
zed with PNIPAm. The first endothermic peak is attributed to the
PTT at ∼32 ◦C characteristic of crosslinked PNIPAm homopoly-
er, implying that long chains (or blocks) of PNIPAm-MBAm were
ormed as a part of the copolymer. This result provides evidence
or our hypothesized microgel structure depicted in Fig. 1. The
econd endothermic peak is attributed to the VPTT of the PNIPAm-
o-PEGMa (Mn 1100 g/mol) copolymer ranging from 45.9 to 48.1 ◦C
aces B: Biointerfaces 103 (2013) 244– 252

as the concentration of PEGMa is decreased. Interestingly at low
concentrations of PEGMa, the two endothermic peaks are rather
weak as compared to the VPTT of PNIPAm or the melting transition
of PEGMa alone.

Consider that free-radical polymerization mechanisms typically
give a random copolymer as a final product; a random copolymer
should be expected when both PEGMa molecular weights (Mn 300
and 1100 g/mol) are copolymerized with NIPAm.

Overall, these findings suggests that the lower Mn 300 g/mol
PEGMa with greater mobility and more water-solubility, copoly-
merizes readily into the growing PNIPAm chain giving a single
endothermic VPTT. Whilst, the bulky and less water-soluble higher
Mn 1100 g/mol PEGMa may  copolymerize with PNIPAm at a slower
polymerization rate forming less crosslinked copolymer.

It was also observed that the melting transition of PEGMa
Mn 1100 g/mol disappeared when copolymerized. This may  be
because the smaller NIPAm monomer hinders recrystallization of
the PEGMa polymer chains in the copolymers.

The shift in VPTT as measured by DSC is less pronounced than
observed in the LSCM studies as seen from Figs. 4 and 3, respec-
tively. That is, from the LCSM measurement on PNIPAm-co-PEGMa
(30 wt.%, 300 g/mol) a VPTT around 50 ◦C would be deduced, while
the corresponding DSC value is below 45 ◦C. A plausible explanation
for this observation is that the LSCM is not as accurate as the DSC
to determine the endothermic VPTT. In the LSCM a study, the tem-
perature was  increased in 5 ◦C increments compared to the more
continuous increase performed using the DSC. Therefore, the LSCM
results at best estimates the range of temperature over which a
significant deswelling occurs.

In summary, a comprehensive analysis of the thermal response
revealed by LSCM and DSC provides detailed information about the
structure and thermoresponsive properties of the microgels. We
found that incorporating PEGMa in the copolymers increased the
VPTT and decreased the thermal responsiveness, of the PNIPAm-
based microgels. In addition, the value and number of endotherms
indicates whether the microgel is composed of a single polymer or
a copolymer.

3.4. Effect of PEGylation on thermal reversibility

The normalized deswelling ratio, Q gives the degree of shrink-
age of the microgel in response to increasing the temperature from
25 to 55 ◦C. The experimental results of cyclic dwelling-swelling
of PNIPAm-based microgels with and without 30 wt.% PEGMa Mn

300 g/mol are shown in Fig. 5, following alternating heating–cooling
cycles, (where n represents one cycle) between 25 and 55 ◦C. The
thermal cycles, n are repeated more than five times and show that
the temperature response is reversible and reproducible. This is
indicative of almost 100% water recovery of each microgel, regard-
less of whether or not PEGMa is present. The extent of shrinkage of
PNIPAm was greater than that of PNIPAm-co-PEGMa. Therefore, the
presence of PEGMa hampers the temperature sensitivity but clearly
does not hinder the repeatability of the temperature response for
PNIPAm-based microgels. This reversibility plays a critical role in
some applications such as drug delivery, which uses swelling and
deswelling as a mechanism to load and release therapeutic agents.

3.5. BSA protein adsorption onto PNIPAm-based microgels

Protein adsorption on a surface of materials used in biomedi-
cal applications is an important mechanism used by our body to
detect and remove foreign objects. Nonspecific interactions of the

protein on hydrophobic surfaces play an important role in this pro-
cess. PNIPAm possesses hydrophobic isopropyl domains that may
induce nonspecific interaction with proteins. Copolymerization of
PNIPAm with PEGMa improves the biocompatibility of the microgel
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y preventing the non-specific interactions with proteins. PEGMa
s believed to migrate to the aqueous interface, rendering protein
dsorption resistance at the surface [18,37].

The internal pore size distribution of PNIPAm-based hydrogels
as been found to be between 60 and 100 nm in size [38–40] how-
ver, these pores are not continuous and will provide a torturous
ath for any penetrant. Therefore, since the corresponding calcu-

ated volume of the hydrodynamically equivalent sphere [41] of the
SA molecule is 163 nm3, it is reasonable to expect some absorption

nto the pores. FITC-labeled BSA will have an even larger size than
are BSA. It is assumed however, because of the non-continuous
orosity of the gel network the amount absorbed compared to that
dsorbed onto the surface of the microgel will be insignificant.
.5.1. Effect of PEG concentration and molecular weight on BSA
dsorption

In these experiments the concentration and molecular weight
f PEG were systematically varied and their effects on the resulting
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ere (a) PNIPAm, (b) PNIPAm-co-PEGMa (10 wt.%), (c) PNIPAm-co-PEGMa (20 wt.%),
presentation and only the second heating in the heat/cool/heat cycle is shown, with

PNIPAm-based microgels were investigated. It was  expected that
PEGylation would provide the required hydrophilic surface mod-
ification for the PNIPAm-based microgels to minimize protein
adsorption and maximize biocompatibility.

The protein adsorption was observed qualitatively using LSCM.
Fluorescent images of PNIPAm microgels after incubation with
FITC-tagged BSA showed a significant protein adsorption on their
surface (Fig. 6). Under the confocal microscope, a brighter fluo-
rescent green color indicates a higher protein adsorption on the
microgel.

The presence of PEGMa induced a reduction in FITC-tagged BSA
adsorbed on the microgel surfaces, as seen in Fig. 7. The intensity
of FITC-tagged BSA decreased significantly as the PEGMa content
increased to 20 and 30 wt.%. The microgels prepared with lower
molecular weight PEGMa (300 g/mol) showed a slightly better pro-
tein resistance than those prepared with the higher molecular
weight PEGMa (1100 g/mol). It is speculated that this is due to a
higher number of short PEGMa chains providing a better surface
coverage than the lower number of long chains. Evidence that long
chains of PEGMa form a loose coil configuration in a good solvent
e.g., water [42] suggest that higher molecular weight PEGMa is less
effective in preventing protein adsorption.

Quantitative measurements of protein adsorption on PNIPAm-
based microgels agree with the qualitative LSCM study discussed
previously. From Fig. 8, it can be seen that 20 wt.% PEG is a critical
concentration for minimizing protein adsorption on the copolymer.
As the concentration of PEGMa is increased beyond 10 wt.%, there
is little difference in protein adsorption. These results provide evi-
dence for PEG phase separation during the polymerization to give
a microgel architecture as depicted in Fig. 1. It fact, this phase sep-
aration is expected after polymerization due to the migration by
diffusion of the more hydrophilic PEG to the outer surface leaving
the relatively less hydrophilic PNIPAm toward the inner shell and
core.

Also shown in Fig. 8, the amount of BSA protein absorbed on
PNIPAm microgels in the swollen state (25 ◦C) is 7 mg BSA/mg
microgel, which is about three times greater than that of PEG-based
microgels. Incorporating PEG macromonomers (both Mn 300 and

1100 g/mol) into PNIPAm microgels led to a decrease in the degree
of BSA absorption on the microgel particles. Interestingly, the pro-
tein adsorption decreased drastically when PEGMa at 20 wt.% or
greater was used. At these higher concentrations, the amount of
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Fig. 6. Fluorescent images of microgels prepared using (a) PNIPAm, (b) PEGMa Mn  300 g/mol, and (c) PEGMa Mn 1100 g/mol after incubation in FITC-tagged BSA solution at
25 ◦C for 24 h. Note in the protein adsorption study no FITC is added to the polymer, therefore the fluorescent green color is only due to FITC-tagged BSA protein adsorption
onto  the surface of the microgels.
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ow  showing PEGMa Mn 1100 g/mol. The brighter color indicates higher FITC-tag
NIPAm (and conversely the dark area denotes regions rich in PEGMa).

he adsorbed protein on the PNIPAm-co-PEGMa microgels is in fact
lose to that adsorbed on the PEG-only microgels.

A possible explanation is that at 20 wt.%, the number of PEG
hains is sufficient to cover the entire surface of the microgel par-
icle, as illustrated schematically in Fig. 9. It is speculated that a
EG concentration lower than 20 wt.% can only partially cover the
NIPAm microgel surface. Part of the PEGMa content is believed to
e entrapped inside the particle. This hypothesis was  confirmed by
he observation that a relatively high amount of protein (∼7 mg
SA/mg microgel) was adsorbed on the PNIPAm-based micro-
els copolymerized with 10 wt.% PEG Mn 300 g/mol. When the
onger PEGMa (Mn 1100 g/mol) was used at the same concentra-

ion, an observable decrease in protein adsorption (∼5 mg  BSA/mg

icrogel) was obtained. This result implies that the longer PEG
hains can protrude and maintain a higher degree of hydration,
nd hence provide better surface coverage at low PEG content.
EGMa respectively, with the top row showing PEGMa Mn 300 g/mol and the bottom
A protein adsorption in the surface of the microgels and denotes regions rich in

The effect of the molecular weight was  insignificant and thus
negated when the PEGMa concentration was increased above
20 wt.%, however.

3.5.2. Effect of temperature on BSA adsorption
Because temperature affects protein structure, solubility and

diffusion rates (to the interface), we  also studied the effect of tem-
perature on the protein adsorption. Isolated BSA is reported to
partially unfold between 40 and 50 ◦C, exposing non-polar residues
on the surface and facilitating reversible protein–protein interac-
tions [43]. Therefore, at 37 ◦C, we  expect the BSA protein to act
normally, and any differences in protein adsorption will be due

to the change in surface properties of our microgel, going from a
hydrophilic polymer “coil” to a more hydrophobic “globule” above
VPTT. Indeed, increasing the temperature resulted in an increase in
BSA adsorption as shown in Fig. 10.
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We  hypothesized that this increase is due greater hydropho-
ic interactions with the hydrophobic polymer surfaces above
PTT. We  tested this hypothesis by conducting a control experi-
ent using poly(styrene) (PS) latex instead of the PNIPAm-based
icrogel. PS is not a temperature responsive polymer and will not

xhibit a temperature dependent shrinkage or change in hydropho-
icity. Indeed, no change in BSA adsorption of 23 ± 2 mg  BSA/mg PS
article is observed with an increase in temperature (from 25 to
7 ◦C). Hence, in the PNIPAm-based microgels, the increase in pro-
ein adsorption at a higher temperature is due to the change in
urface properties of the microgel above VPTT. Also, because the
rotein adsorption is calculated in terms of mg  BSA/mg of micro-
el, this increase in protein adsorption is real and not an artifact
f the temperature dependent shrinkage (leading to lower surface
rea) of the microgel.

These findings support the earlier qualitative LSCM experiments
nd suggest that the structure of these deswollen microgels above
PTT, containing the higher PEG Mn 1100 g/mol possess long chains

hat are either mobile enough to protrude from the hydrophobically

ollapsed network or are enriched at the surface due to phase sep-
ration during polymerization as shown schematically in Fig. 9 and
oted by Gan et al. [18].

ig. 9. Illustration of the surface coverage of PEG chains on PNIPAm-based micro-
els  as a function of degree of PEGylation. (a) At PEGMa concentrations of less
han 20 wt.%, the chains partially cover the surface of PNIPAm-based microgel and
llowed protein adsorption to occur on the particle surface and (b) conversely, at
EGMa concentrations of 20 wt.% or greater, the chains cover the entire microgel
urface, thus preventing protein adsorption.
PEGMa, and 100 wt.% denotes the negative experimental control using only PEGMa.
Each data point represents an average value of at least three replicates and the error
bars  show the standard deviations.

The protein resistance of oligo(ethylene glycol)-terminated
self-assembled monolayers (OEG-terminated SAMs), that is, com-
plete reversibility of adsorption, was first reported in the seminal
paper by Prime and Whitesides [44], and it was suggested that
protein resistance is of entropic origin. Extensive and detailed
analysis of the packing density and molecular conformation in OEG-
terminated SAMs, measured on dry films, led to the conclusion
that because of the conformational constraints imposed by dense
packing, an entropic mechanism of protein resistance is unlikely
[45]. The importance of water penetration into the OEG termi-
nus of the films to render them protein-resistant was  established
only later. The penetration of water into OEG-terminated SAMs was
recently demonstrated independently by polarization modulation
infrared reflection-absorption spectroscopy, PM-IRRAS [46]. In a
similar fashion, PEG is expected to decrease its protein adsorption
resistance as a function of temperature. The breakdown of the pro-
tein resistance of PEG as was observed with OEG-terminated SAMs
as a function of temperature ex situ with PMIRRAS was not seen,
however, in our measurements.

In summary, even though our experimental conditions have
not been optimized for surface coverage and PEG chain length;
we show here a promising means to achieve temperature respon-
sive PNIPAm microgels with tunable protein adsorption simply by
modifying the degree of PEGylation.

4. Conclusions

PEGylation of PNIPAm microgel leads to an increase and broad-
ening of the VPTT of microgels. This is caused by the increased
hydrophilicity of the microgels, leading to a lower propensity of
PNIPAm to collapse. The introduction of PEGMa into PNIPAm micro-
gels improved their biocompatibility. It was  found that 20 wt.%
PEGMa is the critical concentration that minimizes BSA protein
adsorption on the PNIPAm-co-PEGMa microgels. In addition, when
the low molecular Mn 300 g/mol PEGMa is incorporated into the

PNIPAm-co-PEGMa copolymer, a more defined VPTT and lower
protein adsorption was obtained compared to the high molecu-
lar weight PEGMa Mn 1100 g/mol. The increase in hydrophilicity
rendered to the microgels by PEGMa also altered the temperature
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esponsiveness of the microgels. The temperature responsiveness
f the PNIPAm-co-PEGMa microgels was significantly decreased as
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The authors believe it is entirely possible to optimize the prop-
rties of the microgels to obtain a reasonable deswelling ratio and
ufficiently suppress non-specific protein adsorption. In fact, the
ractical consequence of our findings is that in order to success-
ully utilize thermoresponsive PNIPAm-co-PEGMa microgels for
iomedical applications, one must optimize the PEGMa molecu-

ar weight and concentration in the copolymer in order to balance
he temperature responsiveness with biocompatibility. Specifi-
ally, our results indicated that 20 wt.% of low molecular weight
EGMa (300 g/mol) incorporated in the copolymer can effectively
uppresses the non-specific protein adsorption on these microgels,
hile giving a deswelling ratio that is only 18% less than that of

NIPAm microgels. Potential biomedical applications are protein
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he development of anti-fouling coatings for biomedical implants.
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