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ABSTRACT: Surface PEGylation of nanoparticles designed for biomedical
applications is a common and straightforward way to stabilize the materials for in
vivo administration and to increase their circulation time. This strategy becomes less
trivial when MRI active porous nanomaterials are concerned as their function relies on
water/proton-exchange between the pores and bulk water. Here we present a
comprehensive study on the effects of PEGylation on the relaxometric properties of
nanozeolite LTL (dimensions of 20 × 40 nm) ion-exchanged with paramagnetic GdIII

ions. We evidence that as long as the surface grafting density of the PEG chains does
not exceed the “mushroom” regime (conjugation of up to 6.2 wt % of PEG), Gd-LTL
retains a remarkable longitudinal relaxivity (38 s−1 mM−1 at 7 T and 25 °C) as well as
the pH-dependence of the longitudinal and transverse relaxation times. At higher PEG
content, the more compact PEG layer (brush regime) limits proton/water diffusion
and exchange between the interior of LTL and the bulk, with detrimental
consequences on relaxivity. Furthermore, PEGylation of Gd-LTL dramatically decreases the leakage of toxic GdIII ions in
biological media and in the presence of competing anions, which together with minimal cytotoxicity renders these materials
promising probes for MRI applications.

KEYWORDS: zeolites, porous nanoparticles, water exchange, PEGylation, MRI contrast agents, relaxivity

■ INTRODUCTION

A large range of nanoscale materials has been under scrutiny for
their potential for tumor diagnosis and therapy over the last
decades.1−4 This interest is mainly due to (i) the ability of
nanoparticles (NPs) to accumulate at the tumor sites even
without targeting vectors by enhanced permeability and
retention effect5 and (ii) the possibility to combine distinct
specific properties (e.g., magnetic, radioactive, or optical)
resulting in multimodal probes.6 Radiolabeled superparamag-
netic iron oxide NPs,7 magnetic quantum dots8 or fluorescent
upconversion NPs6 are a few examples of such a multimodal
approach. Additionally, surface engineering may enhance
specificity of NPs and improve their performance.9,10 In this
respect, porous materials such as silica NPs and zeolites are
attractive platforms to combine magnetic resonance imaging
(MRI) contrast agents (CAs), optical reporters, and/or
radiotracers. Mesoporous silica NPs loaded with paramagnetic
GdIII and doped with luminescent EuIII ions have been
described as dual MRI/optical imaging probes.11 Alternatively,
encapsulation of paramagnetic GdIII complexes into the silica

NPs results in an effective MRI CA,12,13 while grafting of GdIII

and radiotracers to the surface of silica NPs allows dual
application of MR and radionuclide imaging.14

Linde type nanozeolite (LTL) is a versatile porous material
for accommodation of paramagnetic ions for MRI applica-
tion.15,16 LTL has a well-defined, negatively charged framework
composed of big and small cavities that form 1D channels
separated from each other and parallel to the c-axis of the
crystals. Recently, we have demonstrated a unique strategy to
achieve MRI/optical dual probe based on zeolite LTL by
loading EuIII and GdIII ions selectively into the narrow and wide
channels, respectively.17 As the narrow channel is basically not
accessible to water molecules, the luminescence quenching of
EuIII was effectively reduced, whereas fast exchange between the
bulk water and water molecules coordinated to paramagnetic
GdIII ions (up to 4000 per particle) resulted in a remarkably
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high relaxivity enhancement. The porous structure of LTL is
superior to solid particles due to the large surface area of both
internal (e.g., cavities, pores, or channels) and external surfaces.
This is highly beneficial for overcoming of the intrinsic low
sensitivity of MRI, since the enhancement of both the
longitudinal (1/T1) and the transverse (1/T2) relaxation rates
is linearly proportional to the number of paramagnetic ions per
particle. The efficacy of a CA is assessed by its effect on water
proton relaxation rates (Rn = 1/Tn, n = 1 or 2) per amount of
GdIII ions (s−1 mM−1), expressed as relaxivity (rn). A large
number of parameters govern the relaxivity, of which, number
of water molecules bound to GdIII (q) and their residence time
in the first coordination sphere (τm) are two dominating
factors.18 Both can be optimal in a porous structure, thus MRI
CAs based on zeolites have much higher r1 and r2 relaxivities
compared to paramagnetic complexes (e.g., GdIII-DOTA) and
solid NPs (e.g., Gd2O3).

15

Recently, we have demonstrated that fast prototropic
exchange is the origin of the exceptionally high relaxivity
observed for Gd-loaded LTL (Gd-LTL) with a high pH
responsiveness of both r1 and r2.

19 For this system (Figure 1),

six water molecules in first coordination sphere of LnIII in the
large cages of LTL have been determined by the measurements
of luminescence lifetimes of EuIII.17 The relaxivities showed a
steep decrease from 38 to 8 s−1 mM−1 for r1 and from 98 to 50
s−1mM−1 for r2, respectively, when moving from pH 4 to 9 (7 T
and 25 °C). This was explained by the exchange of water
protons between the interior of the zeolite (τzeo) and bulk at
pH < 6, whereas at a higher pH the exchange involves entire
water molecules with a consequently much lower rate. The pH-
responsive relaxivity renders Gd-LTL an interesting MRI CA
for example for in vivo pH mapping of tumors, where the pH is
intrinsically lower than in healthy tissues.20 However, in vivo
applications require control over biodistribution, prolonged
blood circulation time,21 and reduced toxicity22 of the probe−
all typically achieved by grafting of polyethylene glycol (PEG)

to the surface of NPs. Applied to porous NPs, this may result in
blockage of the channel entrance for water molecules with a
negative impact on relaxivity, which has never been assessed.
In view of the high potential of porous systems as MRI CAs,

we present herein a comprehensive study to assess the effects of
progressive surface PEGylation of Gd-loaded LTL NPs on their
relaxivity. Particularly, we have investigated the impact of
PEGylation on proton exchange between bulk and encapsu-
lated water, which represent the basis of an efficient relaxation
enhancement required for MRI. The results of the present work
can be readily extrapolated to other zeolite types and silica NPs
designed for MRI applications.

■ RESULTS AND DISCUSSION
The surface of cylindrical nanoparticles of zeolite LTL with the
dimensions of 20 × 40 nm loaded with GdIII ions17 was
conjugated with methoxypolyethylene glycol (mPEG2000). For
the covalent attachment of PEG chains to the surface of LTL,
the trimethoxysilane derivative of mPEG was prepared by
conversion of mPEG2000-OH to mPEG2000-COOH, followed by
the reaction with (3-aminopropyl)trimethoxysilane (APTMS)
to form the corresponding amide (Scheme S1). The PEG-
derivatives were characterized by Fourier transform infrared
(FT-IR) and nuclear magnetic resonance (NMR) spectros-
copies. The characteristic carbonyl stretching vibration at 1739
cm−1 due to the carboxylate moiety shifted down to 1657 cm−1

upon reaction with APTMS and consequent conversion of the
COOH group into an amide (Figure S1a). Additionally, the
shift of the NH2 vibration in APTMS from 1599 to 1538 cm−1

in mPEG2000-silane confirmed the formation of an amide bond.
In the next step, mPEG2000-silane was covalently attached onto
Gd-LTL surface by reaction with the silanol groups present on
the surface of LTL. The IR spectrum of LTL prior to
PEGylation showed stretching vibrations at 3435, 1629, and
bending vibrations at 1100 and 607 cm−1 characteristic of the
Si−OH groups and (Si/Al)O4 units in zeolites.23,24 After
PEGylation, a C−H stretching band at 1397 cm−1 and
additional NH-peak at 1531 cm−1 confirmed the grafting
(Figure S1b). The pH-dependency of the zeta-potentials also
confirms PEGylation (Figure 2). Intrinsically, LTL nanocrystals
possess a negative zeta potential (ζ = −32.2 mV), which slightly
increases after ion-exchange with GdIII (ζ = −23.8 mV, 5.2 wt
% Gd-loading). PEGylation further reduces the overall charge
(ζ = −16.9 mV (6.2 wt % PEG) and −3.3 mV (9.1 wt % PEG))

Figure 1. Schematic representation of PEGylated Gd-loaded LTL and
the water exchange parameters: τm is the residence time of water
molecules in the first coordination sphere of GdIII ions and τzeo is the
residence time of water molecules inside the zeolite. Only one cage
unit is shown for convenience.

Figure 2. Zeta potential (ζ) as a function of pH: non-PEGylated LTL
with 0 and 5.2 wt % Gd; PEGylated Gd-LTL (5.2 wt % Gd) with 6.2
wt % PEG and 9.1 wt % PEG. The curves are guides to the eye.
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due to the charge shielding effect.25−27 On the one hand, native
and Gd-loaded LTL samples show negative ζ in the whole pH
range studied without an isoelectric point (IEP). The negative
charge increasing with pH (−35 mV at pH 11) is related to the
deprotonation of Si−OH groups; similar results have been
observed for silanol-rich mesoporous silica NPs.28,29 On the
other hand, for PEGylated Gd-LTL, the ζ values turn from
positive to negative between pH 3 and 11 with an IEP at pH
5.6 and 8.3 for 6.2 and 9.1 wt % of PEG-loading, respectively.
The changeover, becoming more pronounced with increasing
PEG-grafting, is in good agreement with the results by He et al.,
who demonstrated that mesoporous silica NPs become less
negatively charged upon increase of PEG-loading.30

Interestingly, the ζ values of both PEGylated samples reach
−27 mV at pH 11, which is only slightly above the ζ value of
the non-PEGylated samples. This similarity with the non-
PEGylated samples can be attributed to deprotonation of the
surface Si−OH groups that remained unsubstituted by mPEG-
silane as the PEG alone is not expected to contribute to the
negative charge at pH 11. Consequently, the observed IEP of
the PEGylated Gd-LTL samples strongly depends on degree of
PEGylation, and results from an interplay between protonation
of the PEG ether oxygens and deprotonation of the silanol
groups.
PEG-loading was quantitatively assessed by thermogravi-

metric analysis (TGA) by heating freeze-dried samples from 25
up to 750 °C while monitoring the weight loss (Figure S2).
The TGA profiles evidence different phases of decomposition.
The first stage (<200 °C) corresponds mainly to the loss of
water, physisorbed on the surface and in the pores of the
zeolite. During the second stage (200−750 °C), the organic
material on the surface of zeolite is decomposed and only the
inorganic material remains. The TGA profiles of mPEG2000-
COOH and mPEG2000-silane show no significant weight
decrease in the first stage indicating a negligible amount of
water in these samples. Between 200 and 400 °C, mPEG2000-
COOH decomposes quantitatively, whereas for mPEG2000-
silane a residue of 10−15 wt % remains. This corresponds to
the amount of silane converted into silica under the measuring
conditions. The changes above 600 °C observed for the LTL-
samples can be attributed to the aging of the silica that gives
rise to some insignificant mass decrease of the remaining
material. For the entirely inorganic Gd-LTL, no weight loss was
observed between 200 and 600 °C, while the loss measured for
PEGylated Gd-LTL within the same temperature range
indicates decomposition of the organic components. Quantifi-
cation of this weight loss allows determination of the degree of
PEGylation, which in this case corresponds to 8.7 wt % PEG-
loading. No change in Gd-content (5.2 wt %) was induced by
this PEGylation procedure, as confirmed by the paramagnetic
bulk magnetic susceptibility (BMS) 1H NMR shift, which is
proportional to the GdIII-concentration.31

The grafting density determines the conformation of PEG
chains,32 which in turn can influence water exchange through
the pores. According to the Flory radius (RF) theory,

22,33−35 the
mushroom regime is typically expected with a low PEG-density
(D > RF or L ≤ RF, where D is the average distance between
grafting points and L is the thickness of the organic layer) when
the chains fold and occupy a larger area resulting in a thin
surface layer. Increasing PEG-density (D < RF or L > 2RF)
gradually forces the PEG chains into a brush regime with long
bristles forming a thick layer on the surface.33 Atomic force
microscopy (AFM) enables determination of D, RF, and L

parameters and hence the PEG-layer thickness benefiting from
an atomic-scale sensitivity/resolution and the ability to image
the samples with nondestructive forces as small as 1 nN.36

Because of the difficulties in conducting these measurements
directly on the LTL NPs with small size and hydrodynamic
movement in water, a commercially available silicon wafer was
applied as a model. The wafer has a sufficiently flat surface and
its hydrophilicity is close to that of LTL (Si/Al ratio of 3.0).
Prior to PEGylation, the wafer was cleaned by oxygen plasma
treatment to create a suitable water contact angle of less than
10° and increase the density of surface silanol groups.36 After
the plasma treatment, the silicon wafer was PEGylated by the
same procedure as that used for LTL to yield two samples with
PEG-loadings equal to LTL samples (6.2 and 9.1 wt %). The
interaction forces of these model surfaces recorded in Milli-Q
water in both approaching and retracting modes are displayed
in Figure 3. For the flat silicon wafer without PEG chains, a
typical attractive van der Waals force37,38 was observed at a
distance of 1.5 nm.

The two PEGylated samples show different behavior. The RF
of PEG2000 in this work is 3.5 nm, calculated with RF = a·n3/5 (a
is the length of a monomer unit (3.5 Å for PEG), and n is the
number of units (45 for PEG2000)). For the lower PEG-density
(6.2 wt %), a PEG thickness (L) of about 2 nm corresponding
to a mushroom regime (L ≤ RF) was directly deducted. In
contrast, for the higher PEG-density (9.1 wt %), L of 9 nm was
observed, which points to a brush regime (L > RF). For both
PEGylation regimes, the force showed an exponential decay,
which is in a good agreement with the reported models39 and
the PEG thickness is consistent with the theoretical as well as
the reported values for PEG2000.

33,40,41 Additionally, the
footprint calculated for both PEGylated materials using the
surface area of a single NP (1.5 × 106 cm2) allowed for
determination of the distance between the PEG-chains, which
confirmed the mushroom (D = 3.33 nm, 6.2 wt % PEG) and
brush (D = 2.50 nm, 9.1 wt % PEG) regimes.
The AFM results that evidence a changeover from the

mushroom to brush regime, can directly be related to the r1
relaxivity values for aqueous suspensions of Gd-LTL with a
PEG content varying from 0 to 9.1 wt % (Figure 4a). Although

Figure 3. PEG-regimes measured as the force (F) vs the distance
between the AFM tip in approaching (solid lines) and retractive
(dashed lines) modes and the surface of the silicon wafer used as a
model of LTL surface without PEG and with gradually increased PEG-
loadings of the same wt % as it was used for conjugation with LTL.
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relaxivity remains constant (≈ 25 s−1 mM−1) and identical to
that of the non-PEGylated LTL up to 6.2 wt % PEG2000, it
decreases considerably at higher PEG content and drops to
12.3 s−1 mM−1 at 9.1 wt % PEG (maximum degree of
PEGylation that could be reached for this zeolite). Similar
behavior was observed for the Gd-LTL functionalized with
shorter PEG500 chains, indicating no effect of the length of
PEG-chains (Figure 4a). The PEG brushes compactly arranged
at the surface increasingly slow down water exchange and limit
water access to GdIII, which explains the decline in relaxivity
above 6.2 wt % PEG. Below this PEG-density, neither r1/r2
relaxivities nor the relaxometric pH-response are affected
(Figure 4b). Our previous investigations on the relaxation
mechanism revealed that above pH 7 the water structuring
inside the zeolite is disrupted by ionization of the silanol
groups, GdIII-bound water molecules, and decreased concen-
tration of hydronium ions.19 This effect is less pronounced in
case of the PEGylated Gd-LTL, resulting in a slightly less
decrease of r2 (Δr2 = 22 s−1 mM−1) compared to that of the
non-PEGylated analogue (Figure 4b).
The T1- and T2-weighted MR images of PEG-Gd-LTL

phantoms (Figure 4c) at pHs ranging from 4.2 to 10.6 are in
accordance with the pH-relaxivity curves showing respective
decrease and increase of the signal intensity (Table S1).
Nuclear magnetic relaxation dispersion (NMRD) profiles
acquired on aqueous suspensions of Gd-LTL and PEG-Gd-
LTL (6.2 wt % PEG) at pH 4 and 10 to assess the rotational
dynamics of the system are similar at first sight (Figure 4d and
Figure S3). However, a closer inspection of their temperature
dependence shows significant differences (Figure S4). At pH 4,
the relaxivities of both Gd-LTL and PEG-Gd-LTL decrease
with increasing temperature, which suggests that r1 is limited by
τM.

42 The opposite was observed for PEG-Gd-LTL at pH 10

pointing to limitation by τzeo, whereas for Gd-LTL, a transition
between these two modes was found at ≈25 °C, which can
most likely be ascribed to blockage of the pores by the xanthan
used as dispersant for this sample (Figure S5). Fitting of the
NMRD profiles at pH 4 and 10 with the 2 step model proposed
previously42 could not satisfactorily reproduce the humps
around 60 MHz.
Similar phenomena were observed by Skar̊ et al. when fitting

the NMRD profiles of Gd-grafted mesoporous SBA-15 silica
materials.43 Therefore, the two-step model was completed with
the Lipari−Szabo approach to describe rotational dynamics,18

which yielded good fits. To limit the large number of
parameters to be calculated in the fit, we fixed the global
correlation time (τgl) that describes the motion of the zeolite
nanocrystal at a value of 5 × 10−6 s, estimated via the Debye−
Stokes−Einstein equation for a spherical particle with a radius
of 10−40 nm

τ π η= a
k T

4
3gl

3

B

where a is the dynamic radius of the NP, η is the shear viscosity
of the surrounding fluid at temperature T, and kB is
Boltzmann’s constant.
Analysis of the NMRD profiles, described in detail in the

Supporting Information, includes the best-fit parameters
summarized in Table S2 and the curves calculated with these
parameters are given in Figure 4d and Figure S6. The data
clearly indicate a dramatic increase of τzeo from pH 4 to 10,
which is then responsible for the large relaxivity decrease. As
shown previously,19 this is due to a changeover in the proton
exchange mechanism between the zeolite cavities and the bulk
from prototropic to undissociated water exchange.

Figure 4. Relaxometric studies on aqueous suspension of Gd-loaded LTL (5.2 wt % Gd) stabilized with 0.5% xanthan solution, 300 MHz, 25 °C: (a)
r1 of Gd-LTL (pH 5.5) vs increasing loading of PEG2000 and PEG500; (b) r1 and r2 of non-PEGylated and PEGylated (6.2 wt % PEG2000) Gd-LTL as
a function of pH (the curves are guides to the eye); (c) MR phantoms of PEGylated (6.2 wt % PEG2000) Gd-LTL (0.3 mM of Gd) as a function of
pH (9.4T, 25 °C), top: T1-weighted spin−echo images, TE = 29.9 ms; bottom: T2-weighted images, TR = 1 s; (d) 1H NMRD profiles of PEGylated
Gd-LTL (6.2 wt % PEG) at pH 4 and pH 10 and 10, 25, 37, and 50 °C. The curves were calculated with best-fit values shown in Table S2.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.7b05912
ACS Appl. Mater. Interfaces 2017, 9, 23458−23465

23461

http://pubs.acs.org/doi/suppl/10.1021/acsami.7b05912/suppl_file/am7b05912_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b05912/suppl_file/am7b05912_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b05912/suppl_file/am7b05912_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b05912/suppl_file/am7b05912_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b05912/suppl_file/am7b05912_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b05912/suppl_file/am7b05912_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b05912/suppl_file/am7b05912_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b05912/suppl_file/am7b05912_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b05912


For Gd-LTL at pH, given the possible blocking of the pores
by xanthan, the NMRD profiles were fitted separately at each
temperature. Nevertheless, the tendency in τzeo is consistent
with the same change in the proton exchange mechanism. The
τloc correlation time probably corresponds to the motion of the
Gd−H vector of the GdIII aqua ion within the pores. Because
the model applied is rather crude and has many assumptions,
the best fit parameters should be considered with caution.44

They seem, however, to be consistent with the model proposed
previously.19 At pH 10, all τloc values obtained are unreasonably
small. This might be related to a compensation in the fit for an
incorrectly high hydration number. Indeed, based on the
luminescence data, q was fixed at 6 for both pH values,
although a lower q cannot not be excluded as the Gd-
coordinated water can partially deprotonate at basic pH.
The integrity of Gd-loaded LTL in water, saline, serum, and

lactate solutions was assessed after 24 h of incubation at 37 °C
by calorimetric assay.45 It revealed a significant reduction of free
GdIII ions release in the case of PEGylated analogues. The
decreased negative surface charge obviously reduces ion-
exchange with electrolytic cations present in physiological
media and, as a result, the leakage even under the harshest
conditions (saline) drops down to 3 wt % Gd corresponding to
1.2 × 10−8 mol L−1 (Figure S7). To verify this, in another
experiment, LTL particles were first PEGylated, and then
subjected to ion-exchange. In this way, only 0.42 wt % Gd
could be loaded into LTL, instead of 5.2 wt % of Gd for the
“naked” LTL under the same conditions. This indeed confirms
the protecting effect of the PEG layer against leaching through
ion-exchange.
Another concern is the possible blockage of the pore

entrances by various molecules having affinity for the surface of
porous materials. We have previously found that stabilizing
aqueous suspensions of Gd-LTL with 0.5 wt % xanthan gum (a
common agent for the dispersion of NPs) does perturb the
relaxivities, particularly at higher temperatures.19 In the
presence of xanthan, both r1 and r2 of Gd-LTL are constant
over time at 25 °C, whereas they are continuously decreasing at
50 °C, and after cooling back the sample to 25 °C, the
relaxivities are lower than the original values. Interestingly,
relaxivity remains reproducible when Gd-LTL is incubated at
50 °C for 1 h in water and the xanthan gum is added only after
cooling back to 25 °C. These findings evidence that xanthan
interacts with the pores of the zeolite LTL and partially blocks
them at higher temperatures. When carrying out similar variable
temperature experiments with a PEGylated Gd-LTL (6.2 wt %
PEG) in the presence of xanthan, relaxivities remain
reproducible and stable in time (Figure S5). The absence of
interaction between the PEGylated zeolite LTL and xanthan is
remarkable. First, it evidences that the relaxation effect of Gd-
NPs is related to proton exchange between the pores and bulk
water. Second, it confirms that a PEG layer, even in a
mushroom configuration (with 6.2 wt % PEG), can efficiently
protect the particles from interferences with different solutes
without affecting relaxivity.
The results demonstrate that no changes in hydrodynamic

size occur over 24 h. This allowed further in vitro assessment of
the cytotoxicity by viability tests with a macrophage cell line
using an ATP assay. As reported by Kihara et al., the
cytotoxicity of zeolite particles is strongly dependent on
morphology and size of the zeolites as well as on the type of
the cell line.46 Interestingly, these authors found a pronounced
increase in toxicity for smaller particles (50 × 100 nm)

compared to bigger analogues (90 × 210 nm) when incubated
with HeLa cells. This is most probably due to the higher
surface-to-volume ratio of the smaller particles. On the other
hand, Laurent et al. reported nontoxicity of spherical LTL (18
nm) and other small zeolitic particles.47 Another recent study
demonstrates reduced toxicity of zeolite A particles (50−60
nm) after conjugation with mPEG2000 compared to the short
chain analogues.48

For the LTL particles with the dimensions of 20 × 40 nm
used in this study no significant toxic effects were detected
using macrophage cells incubated either with K-LTL
(commercially available starting material) or with non-
PEGylated Gd-LTL (4.3 wt % Gd) and PEGylated Gd-LTL
(4.3 wt % Gd and 6.2 wt % PEG) at doses between 10 and 250
μg mL−1 (Figure 5b). Only a slight viability decrease was

observed at the highest dose of 500 μg mL−1 for all the samples.
The biocompatibility of PEG is already well-documented.46

Therefore, the very similar viability results obtained in this
study with both PEGylated and non-PEGylated samples
suggest that the cytotoxicity of LTL itself is negligible.

■ CONCLUSIONS
In conclusion, we addressed the impact of progressive surface
PEGylation of Gd-LTL NPs on their relaxation efficiency,

Figure 5. (a) Hydrodynamic size of non-PEGylated and PEGylated
(5.2 wt % PEG) Gd-LTL samples suspended at a concentration of 750
mg mL−1 in DMEM (10% FCS) at 37 °C, over 24 h; (b) viability of
macrophage cells incubated with K-LTL, Gd-LTL (4.3 wt % Gd), and
Gd-LTL-PEG (4.3 wt % Gd and 6.2 wt % PEG) at different doses. The
inset represents cell viability after incubation with increasing amount
of free GdIII ions.
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stability and cell toxicity. A zeolite surface model allowed for
direct assessment of the PEG layer thickness via AFM. It
confirmed the existence of two different morphological regimes
that PEG, depending on its density, can adopt on the surface of
LTL particles. We evidenced that although in the mushroom
PEG regime (up to 6.2 wt % PEG) the particles retain their
remarkable pH-responsive relaxivity, at higher PEG density, the
more compact PEG layer (brush regime) seriously limits
diffusion and exchange of protons/water between the interior
of LTL and the bulk. This is important guidance for surface
engineering of porous NPs as potential MRI CAs in general,
because their relaxation efficiency is closely related to fast
exchange between bulk water and water molecules coordinated
to GdIII ions in the inner cavities. Even though both PEGylated
and nonPEGylated Gd-LTL NPs do not induce any direct
cytotoxicity up to a dose of 250 μg mL−1, the necessity of
PEGylation is clear seeing the effective reduction of interaction
between the Gd-LTL NPs and surrounding molecules/ions that
can (i) block the pores and reduce the relaxivity and (ii)
potentially subtract/replace the encapsulated GdIII. PEGylation
changes the surface charge of the Gd-LTL NPs under
physiological conditions and hence significantly reduces GdIII

leakage, which may cause a delayed in vivo toxicity.
Lanthanide-loaded LTL has already shown potential for dual

T1−T2 MRI and optical imaging.17,19 Here, we demonstrate the
benefits of PEGylation and provide general insight into the
understanding of how surface functionalization of porous
nanomaterials affects fundamental properties like proton
exchange as well as more applied features like MRI efficiency.
We believe that this work will steer lanthanide-loaded zeolite
LTL particles toward bioapplications.

■ EXPERIMENTAL SECTION AND METHODS
Synthesis of mPEG2000-COOH. mPEG2000−OH (5.00 g) was

stirred in dry DMF (25 mL) at room temperature until complete
dissolution occurred. NaH (461 mg, 60 wt % in oil, 11.52 mmol) was
added portion-wise at 0 °C, and the resulting suspension was stirred at
0 °C for 30 min. t-Butyl bromoacetate (1.13 mL, 7.68 mmol) was
added in once, and the mixture was stirred at room temperature under
inert atmosphere for 18 h. MeOH (5 mL) was slowly poured into the
reactor and the solvents were removed under reduced pressure. The
residue was suspended in H2O (40 mL) and extracted with DCM (3 ×
20 mL). The organic phase was dried over anhydrous Na2SO4, filtered
and evaporated, and the crude product was purified by column
chromatography (SiO2, DCM/MeOH 95:5, Rf = 0.2), leading to the
desired compound as a yellow wax (4.03 g). This was dissolved in 1:1
TFA/DCM (20 mL), and the mixture was stirred at room temperature
for 2 h. After removal of the solvents under vacuum, the product was
obtained as a white solid (3.79 g) and used without further
purification. 1H NMR of mPEG2000-COOH (400 MHz, 25 °C,
D2O), δ (ppm): 4.15 (s, 2H, CH2COO), 3.7−3.5 (m, CH2CH2OCH3
+ OCH2CH2O), 3.47 (t, 3JHH = 4.2 Hz, 2H, CH2OCH3), 3.38 (s, 3H,
CH3).

13C NMR (100 MHz, 25 °C, D2O), δ (ppm): 171.5 (CO), 71−
70 (OCH2CH2O + CH2CH2OCH3 + CH2OCH3), 69.8 (CH2COO),
59.0 (CH3). IR (KBr disks), cm−1: 3435, 2877, 2537, 1787, 1669,
1454, 1347, 1298, 1167, 950, 848, 811, 781, 704.
Synthesis of mPEG2000-Silane. mPEG2000-COOH (1.0 g, 0.5

mmol) was mixed with APTMS (174 μL, 1.0 mmol) in DMF (10 mL)
in the presence of HBTU (190 mg, 0.5 mmol), HOBt (68 mg, 0.5
mmol) and DIPEA (174 μL, 1 mmol) at room temperature overnight.
After removal of the solvent under reduced pressure, the product was
purified by dialysis (MWCO 1 kDa) followed by precipitation in Et2O,
leading to a white solid (875 mg). 1H NMR (400 MHz, 25 °C, D2O),
δ (ppm): 0.59 (CH2CH2Si), 1.56 (CH2CH2CH2Si), 2.63
(NCH2CH2CH2), 3.35 (SiOCH3), 3.1−4.5 (mPEG-signals), 8.11
(NH).

Procedures for PEGylation of GdIII-Loaded Zeolite LTL. Gd-
loaded zeolite LTL (50 mg) was dispersed in a 3:2 mixture of EtOH
and water (25 mL), sonicated and vigorously stirred, followed by the
addition of 0.5 mL of NH4OH (25%). To obtain different PEG-
loading levels, different amounts of a 460 g L−1 mPEG2000-silane stock
solution in water were added to the particle suspension (e.g., 25 μL for
6.2% PEG-loading). The mixture was gently stirred for 24 h and then
centrifuged, washed with water (3×) and freeze-dried.

Stability Assessment. The assessment of leaching of GdIII ions
was performed on zeolite dispersions (1.5 mg mL−1) in water,
physiological saline (0.9 w/v %), serum (20 v/v %), and lactate (2.5
mM), respectively. After being incubated in a shaker at 37 °C for 24 h,
the supernatant was collected and analyzed by the xylenol orange
complexation method using UV−vis spectroscopy, as previously
reported.45

Cytotoxicity Test. Fifteen milligrams of lyophilized native zeolite
K-LTL, Gd-LTL, and PEG-Gd-LTL NPs were suspended in 1 mL of
filter-sterile water containing 0.05% bovine serum albumin (BSA).
These stock suspensions were sonicated for 10 min at 20 °C in a
Branson 5510 water bath sonicator (Emerson, USA) at 100% output
(4W specific ultrasound energy, 240 J/m3). The suspensions were
transferred into glass vials and the total volume was adjusted to 3 mL
with 0.05% BSA (the final concentration of the stock suspensions was
5000 μg mL−1). Mouse macrophage cells RAW 264.7 (ATCC TIB-71)
were obtained from the American Type Culture Collection, (ATCC,
Manassas, VA). Cells were used at passages 8 and 10. RAW 264.7 cells
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; 4.5 g
L−1 glucose, w/o L-glutamine, w/o phenol red, Lonza, Verviers,
Belgium) supplemented with glutamax (Gibco). Also, penicillin-
streptomycin (PEST; 1% v/v; Sigma, St. Louis, MO), and heat-
inactivated fetal bovine serum (FBS; 10% v/v; Gibco) were added to
the medium. Cells were incubated at 37 °C in a humidified
environment (95% relative humidity) and 5% carbon dioxide with a
Thermo Scientific HERAcell 240. Cells were passed at 80% confluency
by subcultivation at a 1:6 ratio twice a week until use. All media and
solutions were prewarmed to 37 °C before use.

The viability was assessed using the ATPlite assay (PerkinElmer).
100 μL suspensions with a concentration of 2 × 104 cells/mL were
seeded in 96 wells white plates with clear bottom (Costar) (6250
cells/well). After 48 h, these cells reached a confluency of 30%. To
assess the possible cytotoxic effect of the NPs on RAW264.7 cells, a
dilution range of 10, 25, 50, 100, 250, and 500 μg/mL nanoparticles
(corresponding to 2.87, 7.17, 14.3, 28.7, 71.7, and 143.4 μM Gd) was
added to the cells for 24 h. Next, 50 μL of mammalian cell lysis
solutions were added to 100 μL of cell suspension, and incubated for 5
min in an orbital shaker at 700 rpm. Subsequently, 50 μL of substrate
solution were added, followed by shaking for another 5 min at 700
rpm, and a final incubation in the dark for 10 min. Chemo-
luminescence was measured at 590 nm. A control of NPs without cells,
showed no interference of the NPs with the ATPlite assay.

Relaxometric Studies and 1H NMRD Profiles. The samples
were prepared by dispersing 2.5 mg of Gd-LTL or PEGylated Gd-LTL
nanoparticles in 1.0 mL of Milli-Q water using a sonication bath and
stabilized by adding 1.0 g of 1% xanthan gum solution. The pH of the
samples was adjusted by addition of either 0.1 M HCl or 0.1 M NaOH.
The pH dependence of longitudinal (r1) and transversal (r2)
relaxivities was investigated on a Varian Inova 300 NMR spectrometer
at 25 °C. After careful shimming, the line widths and peak positions
were determined by fitting Lorenzian functions to the 1H NMR
spectra. Longitudinal relaxation times were measured with the
inversion recovery method,49 whereas transverse relaxation times
were measured with the Carr−Purcell−Meiboom−Gill (CPMG) pulse
sequence in which the length of the spin echo train was varied50 with
an echo time of 0.5 ms applied.1H NMRD profiles were acquired on a
fast field-cycling Stelar SmartTracer relaxometer with magnetic field
varying from 0.00024 to 0.25 T (0.001 to 10 MHz 1H Larmor
frequencies). Additional data points in the range of 20−70 MHz were
collected on a Bruker WP80 NMR electromagnet, as well as a separate
point at 300 MHz on a Varian Inova 300 NMR spectrometer.
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MR Imaging. MRI experiments were conducted on a BioSpec 94/
21, 9.4 T horizontal magnet (Bruker BioSpin, Wissembourg, France)
equipped with BG060 gradient system (950 mT m−1 maximal strength
and 60 mm inner diameter) and Paravision 5.1 software (Bruker
BioSpin). T1- and T2-weighted MR images were acquired with spin−
echo sequence (RARE sequence with one echo to get a small echo
time (TE) and to make the effective-TE equal to TE) at 25 °C. T1-
weighted images were acquired with 29.9 ms TE and varying TR
(repetition time) and from 37 to 1500 ms, 137 × 137 mm2 resolution
with a matrix 256 × 256 in 16 min acquisition. T2-weighted images
were acquired with varying TE from 19.9 to 79.60 ms, TR of 1000 ms,
and 137 × 137 mm2 resolution with a matrix 256 × 256 in 19 min. All
images have 1.0 mm slice thickness.
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