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Preclinical characterization of macrophage-adhering 
gadolinium micropatches for MRI contrast after 
traumatic brain injury in pigs
Lily Li-Wen Wang1,2,3, Yongsheng Gao1,2, Vineeth Chandran Suja1,2, Masen L. Boucher4,  
Suyog Shaha1,2, Neha Kapate1,2,3, Rick Liao1,2, Tao Sun1†, Ninad Kumbhojkar1,2,  
Supriya Prakash1,2, John R. Clegg1,2‡, Kaitlyn Warren4, Morgan Janes1,2,3, Kyung Soo Park1,2, 
Michael Dunne1,2, Bolu Ilelaboye1, Andrew Lu1, Solomina Darko1, Camilo Jaimes5,  
Rebekah Mannix4,6, Samir Mitragotri1,2*

The choroid plexus (ChP) of the brain plays a central role in orchestrating the recruitment of peripheral leukocytes 
into the central nervous system (CNS) through the blood-cerebrospinal fluid (BCSF) barrier in pathological condi-
tions, thus offering a unique niche to diagnose CNS disorders. We explored whether magnetic resonance imaging 
of the ChP could be optimized for mild traumatic brain injury (mTBI). mTBI induces subtle, yet influential, changes 
in the brain and is currently severely underdiagnosed. We hypothesized that mTBI induces sufficient alterations in 
the ChP to cause infiltration of circulating leukocytes through the BCSF barrier and developed macrophage-
adhering gadolinium [Gd(III)]–loaded anisotropic micropatches (GLAMs), specifically designed to image infiltrat-
ing immune cells. GLAMs are hydrogel-based discoidal microparticles that adhere to macrophages without 
phagocytosis. We present a fabrication process to prepare GLAMs at scale and demonstrate their loading with 
Gd(III) at high relaxivities, a key indicator of their effectiveness in enhancing image contrast and clarity in medical 
imaging. In vitro experiments with primary murine and porcine macrophages demonstrated that GLAMs adhere 
to macrophages also under shear stress and did not affect macrophage viability or functions. Studies in a porcine 
mTBI model confirmed that intravenously administered macrophage-adhering GLAMs provide a differential sig-
nal in the ChP and lateral ventricles at Gd(III) doses 500- to 1000-fold lower than those used in the current clinical 
standard Gadavist. Under the same mTBI conditions, Gadavist did not offer a differential signal at clinically used 
doses. Our results suggest that macrophage-adhering GLAMs could facilitate mTBI diagnosis.

INTRODUCTION
The choroid plexus (ChP), the primary source of cerebrospinal fluid 
(CSF) in the brain, is a highly vascularized structure lined by a spe-
cialized epithelial layer called ependyma, serving as the blood-CSF 
(BCSF) barrier (1). The ChP has only recently gained attention for its 
role as the gatekeeper of the infiltration of peripheral immune cells 
into the CSF (2). The ChP orchestrates the recruitment of leukocytes 
into the central nervous system (CNS) during multiple pathologies by 
increasing the expression of adhesion molecules and enhancing the 
secretion of chemokines and cytokines, thus making it a key player in 
numerous CNS disorders (3, 4). Accordingly, although still under-
studied in clinical neuroimaging, there has been growing interest in 
imaging the morphological and functional changes in the ChP for 
diagnostic and prognostic evaluation of various neuroinflammatory 
disorders (5). Because of its high sensitivity to physical forces, the ChP 

is postulated to play a key role in the pathology of traumatic brain 
injury (TBI) (6). In particular, brain injuries are known to induce the 
disruption of the BCSF barrier at the ChP followed by leukocyte infil-
tration (7). We hypothesized that this unique attribute of the ChP can 
be exploited to facilitate the clinical diagnosis of TBI.

TBI is a global challenge that represents one of the leading causes 
of death and disability, with an estimated 69 million individuals af-
fected worldwide each year (8). TBI can be categorized into mild, 
moderate, and severe, with mild TBI (mTBI) accounting for about 
70 to 90% of the reported cases (9). Although mTBI is characterized 
by transient neurophysiological alterations, the long-term effects of 
mTBI can persist for months to years (10). mTBI is also associated 
with an increased risk of neuropsychiatric and neurodegenerative 
diseases, such as depression, dementia, and Parkinson’s disease (11–13). 
Despite the disease burden of mTBI, as many as 60 to 90% of 
mTBI cases go undiagnosed even after a clinical investigation (14). 
Objective markers of injury, such as neuroimaging, are needed to 
improve diagnosis. For this reason, magnetic resonance imaging 
(MRI) is sometimes used to evaluate patients with suspected TBI 
(15). However, the diagnostic utility of MRI in mTBI has not been 
established. Specifically, conventional MRI sequences have neither 
demonstrated adequate performance to justify the routine use in 
mTBI nor offered important insights into the underlying patho-
physiology of mild injury.

MRI contrast agents may increase the diagnostic utility of routine 
clinical MRI, as well as offer insights into mTBI pathophysiology, in 
part through the detection of mTBI-induced changes in the BCSF 
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barrier (16, 17). Gadolinium [Gd(III)]–based contrast agents (GBCAs) 
are the standard choice for clinical MRI because of their strong 
paramagnetic properties, effective relaxation enhancement, excellent 
in vivo stability, and efficient clearance in patients without kidney dis-
eases (18). In addition, efforts have been made to develop next-
generation GBCAs with enhanced relaxivity (19), a parameter that 
describes the contrast agent’s ability to modify nearby proton relax-
ation times, thereby directly influencing image contrast and serving 
as an indicator of its effectiveness in medical imaging contrast en-
hancement (20). However, it is not known whether GBCAs can spe-
cifically detect changes in the ChP after mTBI. This is especially 
relevant to the pathophysiology of mTBI where circulating immune 
cells are likely to cross the perturbed BCSF barrier. Thus, we hypoth-
esized that the imaging of immune cell infiltration into the ChP can 
potentially offer a new sensitive imaging modality to diagnose mTBI 
and provide insights into the pathophysiology of mTBI.

Here, we report a contrast agent that is specifically designed to 
leverage macrophage infiltration across the BCSF barrier. Macrophages 
were chosen owing to their superior inflammation-homing ability, 
which is driven by the chemotactic gradient and their key role in 
brain infiltration (21, 22). Specifically, we report Gd(III)-loaded 
anisotropic micropatches (GLAMs) that adhere to macrophages for 
improved mTBI diagnosis. GLAMs are hyaluronic acid–based discoi-
dal microparticles, which bind to macrophages but resist phagocyto-
sis because of their anisotropic morphology, enabling stable loading 
of Gd(III) onto the cell surface. GLAMs can be fabricated at scale and 
can incorporate Gd(III) with greater relaxivities than commercial 
GBCAs. Macrophage-hitchhiking GLAMs (M-GLAMs) were pre-
pared by ex vivo incubation of GLAMs with macrophages. Studies in 
a porcine mTBI model confirmed that M-GLAMs provide a differen-
tial signal in the regions of interest [ROIs; the ChP and lateral ventri-
cles (LVs)] of sham and mTBI pigs at Gd(III) doses 500- to 1000-fold 
lower than those used in the current clinical standard Gadavist 
(fig. S1). Under the same mTBI conditions, Gadavist did not offer a 
differential signal even at clinically used doses.

RESULTS
Design and fabrication of GLAMs
T1 MRI signals arising from the GBCA necessitates water proton-
Gd(III) interactions. Hence, a hydrogel-based material was chosen 
to prepare GLAMs. Hyaluronic acid was selected as the material be-
cause of its biocompatibility and interactions with cells by CD44 
(23). To achieve stable loading of Gd(III) into the hydrogel, a Gd(III) 
methacrylic acid [Gd(MAA)3] precursor was synthesized and re-
acted with Alexa Flour 555–labeled methacrylated hyaluronic acid 
(HAMA) and poly(ethylene glycol) dimethacrylate (PEGDMA) 
using the photoinitiated free radical polymerization reaction (Fig. 1A 
and fig. S2; see Supplementary Materials and Methods for detailed 
synthesis and characterization). The fabrication method of Gd(III)-
loaded hydrogels was first validated as a bulk material. A series of 
rheological tests, including oscillatory time-sweep, amplitude-
sweep, and frequency-sweep experiments, was conducted to mea-
sure the storage modulus (G′) and loss modulus (G″) of hydrogels, 
two parameters that describe mechanical properties and behavior of 
a hydrogel under different conditions. These studies confirmed the 
formation of hydrogels (Fig. 1B and fig. S3). The onset of gelation 
occurred at 7 s after ultraviolet (UV) exposure when G′ became 
equal to G″ (Fig. 1B, i) (24). The storage modulus G′ plateaued after 

2 min of UV exposure, suggesting the completion of cross-linking. 
The frequency-sweep test further showed frequency-independent 
G′ and G″, as well as an averaged storage modulus of 10.25 ± 0.58 
kPa (Fig. 1B, ii), confirming the formation of a stable and covalently 
cross-linked hydrogel network (25).

Next, we aimed to transfer the bulk Gd(III) hydrogel chemistry 
to the microscale for GLAM fabrication. Specifically, the discoidal 
structure of GLAM is a key feature because disc-shaped particles 
have been demonstrated to adhere to macrophages without inter-
nalization (26). However, preparing anisotropic micrometer-sized 
hydrogel disks with dimensions smaller than the cell is a challenging 
task. Although techniques, such as particle replication in nonwetting 
templates (PRINTs) (27) and discontinuous dewetting in a degassed 
mold (28), have been developed to fabricate anisotropic subcell-
sized hydrogel microparticles at scale, neither of them has been used 
for biopolymers with high molecular weight and viscosity (29, 30). 
Hence, we engineered a new methodology to fabricate GLAMs.

A polydimethylsiloxane (PDMS) template was first prepared 
using soft lithography (fig. S4) (31), which was then used to form 
GLAMs using imprint lithography (32) and reactive ion etching 
(Fig. 1C) (33). Plasma-treated PDMS templates with an 8-μm hole 
array were spin-coated with Gd(III) hydrogel precursors and cross-
linked by UV exposure. Plasma treatment was used to increase the 
surface energy of the PDMS template, leading to greater hydrophi-
licity to enable hydrogel deposition (34). An interconnecting hydro-
gel film was inherently formed during spin-coating because of the 
high surface energy of PDMS (35), preventing the formation of in-
dividual GLAMs (Fig. 1D, i). Therefore, inductively coupled plasma-
reactive ion etching by oxygen was applied to remove this embossed 
film. GLAMs were then printed on a poly(vinyl alcohol) (PVA)–
coated surface. High efficiency of the printing process was achieved 
by overnight freezing of the PDMS template post-etching at 
−80°C. This freezing step led to a 16-fold improvement in the effi-
ciency of printing (fig. S5), likely because of the differential thermal 
expansion coefficients of PDMS and hydrogel, which enhanced the 
separation of GLAMs from the template (36). Printed GLAMs were 
collected in PBS and purified through centrifugation. The final col-
lected GLAMs were imaged by fluorescence microscopy, showing a 
suspension of GLAMs with a discoidal shape (Fig. 1D, ii). Loading 
and stability of Gd(III) in GLAMs were quantified using inductively 
coupled plasma mass spectrometry (ICP-MS). Negligible (<0.7%) 
free Gd(III) was released and detected in cell culture medium, thus 
confirming the covalent incorporation of Gd(III) in GLAMs. More-
over, the loading remained stable for at least 2 weeks (Fig.  1E). 
Long-term storage of GLAMs under frozen conditions (>1 month) 
did not adversely affect the loading (fig. S6).

Contrast efficacy of Gd(MAA)3 and GLAMs
Relaxivities of Gd(MAA)3 and GLAMs were assessed using a 7-T 
MRI scanner with a longitudinal T1 mapping sequence. A clinical 
standard MRI contrast agent, Gadavist, was used as a comparator 
(Fig.  2A). Both Gadavist and free Gd(MAA)3, the precursor of 
GLAM, demonstrated a Gd(III) concentration–dependent T1 con-
trast (Fig.  2B). A concentration-dependent quenching effect was 
seen for Gadavist and Gd(MAA)3, where the T1 signal peaked and 
decreased with further increase in Gd(III) concentration, a phe-
nomenon arising likely from the dominance of the T2 effects at a 
high Gd(III) concentration (37, 38). Before the saturation threshold, 
the relaxivity of Gd(MAA)3 (9.95 ± 0.03 mM−1 s−1) was markedly 
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higher than that of Gadavist (3.63 ±  0.01 mM−1 s−1; Fig.  2C and 
fig.  S7), demonstrating the potential of Gd(MAA)3 in itself as an 
effective T1 contrast agent.

GLAMs also exhibited a concentration-dependent relaxivity 
(Fig.  2D). The relaxivity per Gd(III) encapsulated in GLAMs in-
creased when the payload increased from low Gd(MAA)3 loading to 
medium loading (25.14 ± 4.65 to 34.69 ± 0.31 mM−1 s−1), whereas it 
dropped in the case of high Gd(MAA)3 loading (26.09 ± 0.82 mM−1 
s−1). Still, the relaxivity per Gd(III) was 8- to 11-fold higher in GLAM 
compared with that in Gadavist (Fig. 2E and fig. S7). High relaxivity 
of Gd(III) in the particulate form compared with the free form has 
been previously reported in the literature (39). The enhancement of 
relaxivity of Gd(III) in GLAMs compared with Gadavist can be at-
tributed to the reduced mobility of Gd(III) in the hydrogel, thus re-
ducing the orientational freedom within the particle and the increase 
in the rotational correlation time (40). Relaxivity per GLAM particle, 

calculated by multiplying the amount of Gd(III) ions per GLAM with 
the relaxivity per Gd(III), exhibited a monotonic correlation with 
Gd(MAA)3 loading (Fig.  2F). Therefore, GLAMs with high 
Gd(MAA)3 loading were chosen for future studies.

M-GLAM preparation and characterization
The adhesion of GLAMs to macrophages was examined by fluores-
cence microscopy and flow cytometry using both murine and porcine 
macrophages. GLAMs exhibited high adhesion to macrophages 
(M-GLAMs), as confirmed by fluorescence microscopy (Fig. 3A). The 
efficiency of GLAM adhesion to murine macrophages, measured using 
flow cytometry, increased as GLAM:macrophage ratio rose. Specifi-
cally, as the GLAM:macrophage ratio increased from 1.5:1 to 3:1, the 
adhesion efficiency increased from 51 to 72% (Fig. 3B; see fig. S8 for 
the gating strategy). Comparable efficiencies were also seen in porcine 
macrophages, thus confirming that GLAM adhesion to macrophages 

Fig. 1. Design and characterization of GLAMs. (A) The primary components of GLAMs include HAMA, PEGDMA, and Gd(MAA)3. A hydrogel network is formed by photopolymer-
ization upon the addition of I2959 photoinitiator and exposure of the ultraviolet (UV) light. (B) Dynamic oscillatory rheological characterization of the hydrogel with time sweeps (i) 
and frequency sweeps (ii). Storage modulus (G′) and loss modulus (G″) were recorded in each test. The UV light was then applied at 30 s. At 7 s after UV exposure, the gelation starts 
as G′ = G″, corresponding to the gel point of the hydrogel. In addition, G′ reached the plateau of 10.82 ± 0.61 kPa at ~2 min (n = 3). (C) Schematic illustration of GLAM fabrication 
process, including hydrogel deposition by spin coating, oxygen etching, freezing, printing and peeling, and collecting. (D) Fluorescence microscopy images of GLAMs without (i) and 
with the oxygen etching step (ii) in PBS. (E) Cumulative release of Gd(III) from GLAMs over 14 days in cell culture media, shaking at 150 rpm at 37°C (n = 3).
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was species independent (Fig.  3C). GLAMs remained adhered to 
macrophages under physiologically relevant shear stresses (0 to 20 Pa; 
Fig. 3D), showing the stability of M-GLAMs under disturbances. Pre-
viously frozen GLAMs exhibited slightly higher adhesion compared 
with freshly collected GLAMs (Fig.  3E), indicating that the freeze-
thaw step did not adversely affect macrophage binding. To verify that 
binding of GLAMs is specific to phagocytic macrophages over other 
cell types, adhesion of GLAMs to primary porcine endothelial cells 
was examined. The adhesion efficiency of GLAMs to endothelial cells 
(6.2%) was significantly lower than that to macrophages (45.8%; 
P ≤ 0.0001; fig. S9).

GLAMs did not induce toxicity to macrophages, as assessed by 
their viability (Fig. 3F). Macrophage viability remained at about 
100% under all tested ratios. Expression of chemokine receptor 
CCR2, which is critical for immune cell trafficking to the lesions of 
TBI (41), was not affected by GLAM adhesion (Fig. 3G). The trans-
migration capability of macrophages was retained after adhesion of 
GLAMs, as evaluated by a transwell migration assay (Fig. 3H). In 
addition, a significant increase in the number of migrated M-GLAMs 
through the transwell membrane in response to chemoattractant 
CCL2 indicated the maintenance of chemotactic ability of macro-
phages after GLAM binding (P ≤ 0.01).

Biodistribution and tolerability of M-GLAMs in the 
murine model
In vivo delivery of GLAMs and M-GLAMs was first assessed in healthy 
BALB/c mice with a particular focus on tolerance and biodistribution 
and comparison to Gadavist. Accumulation of GBCAs in the kidney is 
known to elevate the risk of nephrogenic systemic fibrosis in patients 
with existing renal diseases and is contraindicated in these patients (42); 

thus, it is important to evaluate the kidney accumulation of Gd(III) 
upon contrast administration. The mouse model was chosen for the bio-
distribution study because of the similarity of murine organs (for exam-
ple, shape, structure, and physiology) and circulatory system to those of 
humans (43). Because the structure and composition of human and 
mouse brains are remarkably different (44), the mouse study aimed to 
assess tolerance and biodistribution in healthy mice.

Injections of Gadavist, GLAMs, and M-GLAMs were well tolerated 
by healthy BALB/c mice. Gadavist exhibited substantial renal accumula-
tion in mice at 15 min after injection [Fig. 4A (i) and fig. S10A]. Gadavist 
accumulation was assessed at the early time point of 15 min, aligning 
with the rapid clearance of GBCAs and its clinical relevance. GLAMs, on 
the other hand, were mainly distributed in the lung, followed by liver 
and spleen, with barely any accumulation in the kidney [Fig. 4A (ii) and 
fig. S10B]. M-GLAMs exhibited a similar Gd(III) accumulation pattern 
as the GLAMs alone [Fig. 4A (iii) and fig. S10C]. Negligible renal accu-
mulation of GLAMs and M-GLAMs revealed that the Gd(III) was stably 
conjugated in the particles without leakage. Only about 8, 0.3, and 
0.0027% of total injected dose of Gadavist was detected in all the col-
lected organs at 15 min, 1 hour, and 24 hours after injection, respectively 
(fig. S10D), suggesting that Gadavist was rapidly cleared and almost 
completely excreted from the body within 24 hours. In contrast, GLAMs 
and M-GLAMs demonstrated stable retention in the vital organs (~80%) 
over a period of 24 hours, showing the potential feasibility of using 
M-GLAMs for long-term disease monitoring or delayed imaging. 
Although M-GLAMs remained in the body for an extended time, 
the delivered Gd(III) dose from M-GLAMs was ~580 times lower 
than that from Gadavist (2000 nmol per mouse for Gadavist and 
3.4 nmol per mouse for M-GLAMs), thus keeping the body’s expo-
sure to Gd(III) at a very low amount.

Fig. 2. Contrast efficacy of Gadavist, Gd(MAA)3, and GLAMs. (A) Structure of small-molecule contrast agents: Gadavist and Gd(MAA)3 (B) The T1-weight MR images of Gadavist 
and Gd(MAA)3 dissolved in DI water at various concentrations, acquired at 7 T. (C) Relaxivity of Gadavist and Gd(MAA)3 in DI water at 7 T. (D) The T1-weight MR images of GLAMs 
suspended in the Matrigel at various particle concentrations, acquired at 7 T. GLAMs were loaded with different amounts of Gd(III) from low, medium, to high. (E) Relaxivity per Gd(III) 
in GLAMs and Gadavist in the Matrigel at 7 T. (F) Relaxivity per GLAM in the Matrigel at 7 T. For (E and F), the mean and SD of the relaxivity were obtained, respectively, from the slope 
and SE of a linear regression fit of T1 relaxation rate against Gd concentration as shown in fig. S7. For (C, E, and F), data were analyzed using unpaired t test; ****P ≤ 0.0001.
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Long-term systematic toxicity of M-GLAMs was evaluated in 
healthy C57BL/6 mice by histology and serum chemistry panel test 7, 
14, and 28 days after injection. No marked abnormalities were seen in 
vital organs of M-GLAM–injected mice (Fig. 4B). The serum concen-
tration of aspartate transaminase and alanine transaminase, biomarkers 
that typically elevate in response to liver damage (45), remained 
unchanged or slightly lower in M-GLAM–injected animals compared 

to the saline group (Fig. 4C). The creatinine and blood urea nitrogen, 
markers that typically elevate upon kidney dysfunction (46), did not 
show any marked increase in M-GLAM–injected animals compared 
to the saline control. The M-GLAM–injected mice showed no statisti-
cally significant differences in other common biochemical markers, 
such as globulin and creatine kinase, compared to the saline mice 
(P > 0.05).

Fig. 3. In vitro characterization of the M-GLAMs and the effect of GLAMs on macrophage functions. (A) Fluorescence microscopy images of GLAM-laden murine 
(left) or porcine macrophages (right). Association of the GLAMs with primary murine (B) and porcine macrophages (C) at various GLAM-to-macrophage ratios 
(n ≥ 4). (D) Effect of shear stress on adhesion efficiency (n = 3). (E) Effect of freeze-thaw process on adhesion efficiency (n = 3). Freshly prepared GLAMs (fresh) or GLAMs 
that underwent freeze-thaw process (frozen) were tested. (F) Effect of GLAMs on macrophage viability after 24 hours by MTS assays at various GLAM:macrophage ratios 
(n = 3). (G) Effect of GLAMs on chemokine receptor CCR2 expression (n = 5). (H) Effect of GLAMs on macrophage migration after 2 hours (n = 6). Migration was assessed 
using a transwell assay, where macrophages or M-GLAMs were seeded on 5-μm inserts, and medium containing no CCL2 or CCL2 at 25 ng/ml was added to the receiver 
well. For (B to D and F), data were analyzed by one-way ANOVA with Tukey’s post hoc test. For (E and H), data were analyzed by two-way ANOVA with Tukey’s post hoc test. 
For (G), data were analyzed using unpaired t test; ns, not significant; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001.
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Evaluation of M-GLAMs for mTBI diagnosis in the 
porcine model
The utility of M-GLAMs in diagnosing mTBI was assessed in a por-
cine model. The model was chosen because of the compositional, 
structural, anatomical, and biomechanical similarity between porcine 
and human brains (47). To ensure maximum clinical relevance in the 
current study, we opted for a single-dose regimen and selected the 

2-day time point (time period from injury to MRI), considering that 
the vast majority of TBI patients evaluated in acute care hospitals 
present within 48 hours of injury. Gadavist and M-GLAMs were adminis-
tered in sham and mTBI pigs, and high-resolution T1 maps were acquired 
by a 3-T MRI scanner before and after contrast agent injection (that is, 
prescans and post-scans, respectively). Gadavist (0.1 mmol/kg; ~2.2 
to 2.8 mmol per animal) or M-GLAMs (~75 million to 175 million 

Fig. 4. In vivo biodistribution study and long-term toxicity evaluation in healthy mice. (A) Mice were injected with Gadavist (i), GLAMs (ii), and M-GLAMs (iii). For the 
Gadavist group, mice were euthanized at 15 min, 1 hour, and 24 hours after injection (n = 3), whereas the GLAM and M-GLAM groups were euthanized at 1, 4, 8, and 
24 hours after injection (n = 3). After euthanasia, the organs were immediately collected and processed to quantify the Gd(III) amount in each organ by ICP-MS. Data are 
presented in percent of injected dose per gram of tissue (%ID/g), with percent of injected dose (%ID) data shown in fig. S10. (B) Representative images of hematoxylin and 
eosin staining of mouse vital organs 7, 14, and 28 days after M-GLAM injection. Organs were collected at 7, 14, and 28 days after M-GLAM injection. Scale bars, 
100 μm. (C) Serum biomarker concentrations, including aspartate aminotransferase (AST), alanine aminotransferase (ALT), creatinine, blood urea nitrogen (BUN), globu-
lin, and creatinine kinase (n = 3). Mice were injected with saline or M-GLAMs, and the serum samples were collected at 7, 14, and 28 days after M-GLAM injection. For (C), 
data were analyzed by one-way ANOVA with Tukey’s post hoc test; *P ≤ 0.05.
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per animal) were delivered intravenously. To serve as a clinical com-
parator, the Gadavist dose was matched to a typical clinical recom-
mendation. M-GLAM dose was selected to keep the dose of injected 
macrophages comparable to previously reported values for adoptive 
macrophage therapies in the clinic (48). Mild facial edema and/or 
hives were observed on the injection side of the pig in three of five pigs 
administered with M-GLAMs. Red rash was shown in one of eight 
pigs administered with Gadavist. However, all symptoms and changes 
were transient and self-resolved during the recovery time of the pigs 
from anesthesia.

To assess the potential of the ChP as an ROI for mTBI, images were 
analyzed on the basis of subtracted T1 relaxivity maps (namely, post-
scans subtracted by prescans) using ITK-SNAP (see the Supplemen-
tary Materials for the detailed method of MRI data analysis) (49). 
Gadavist, as a small molecule, distributed throughout the microvas-
cular extra-axial structures (for example, arteries, veins, and dural si-
nuses) and the ChP, clearly delineating their anatomy (Fig.  5A); 
expectedly, no parenchymal accumulation of Gadavist was noted. 
Furthermore, no discernable differences were noted between the 
sham and mTBI pigs. Subtracted T1 maps of the pigs with M-GLAM 
injection were overall dimmer compared to those with Gadavist ad-
ministration, at least in part because the Gd(III) dose in M-GLAMs 
was 500- to 1000-fold lower than that in the case of Gadavist. 

However, a notable difference in signal intensity was observed in the 
ChP and LV between sham and mTBI pigs in the case of M-GLAMs 
(Fig. 5A, dashed rectangles).

To assess the ability of the ChP to serve as a clinically usable ROI 
for mTBI, in the absence of pretrauma scans, as often is the case 
clinically, only post-scans were used to define the MRI signals in the 
ROI and its surrounding cerebral background by extracting the pix-
els of both areas by ORS Dragonfly (Fig. 5B). The mean intensity in 
the ROI ( IROI ) was significantly different between the sham and 
mTBI pigs administered with M-GLAMs (P ≤ 0.01), whereas no dif-
ference was seen in case of Gadavist (P > 0.05; Fig. 5C). Further-
more, given that MRI automatically adjusts to prevent the saturation 
of the signals, we aimed to mitigate this bias through normalizing 
IROI by the average muscle mean intensity ( Imuscle ). Normalized in-
tensity ( IROI ∕ Imuscle ) exhibited a significant difference in sham and 
mTBI pig brains for the M-GLAM group (P ≤ 0.05), but not for the 
Gadavist group (P > 0.05; Fig. 5D).

Enhancement of the mean ROI intensity ( IROI ) compared with that 
in the surrounding background tissue (cerebral parenchyma, Ibackground ) 
offers another means to assess mTBI. In the M-GLAM group, the nor-
malized intensity ( [IROI − Ibackground]∕ Ibackground ) increased from 
16.9% in sham pigs to 28.08% in mTBI pigs (P < 0.05; Fig. 5E). In 

Fig. 5. MRI studies for mTBI diagnosis in the porcine model. (A) Representative subtracted T1 relaxivity maps of the pigs injected with M-GLAMs and Gadavist. T1 maps 
were acquired before (prescans) and after the administration of imaging agents (post-scans). Subtracted images were then obtained by registering both scans by ITK-
SNAP (an interactive software for segmenting anatomical structures in medical images), followed by subtracting post-scans with prescans by convert3D of ITK-SNAP. The 
dotted squares highlight the location of the lateral ventricle (LV) and ChP, which was the region of interest (ROI). (B) Representative post-scans of MRI-generated T1 maps 
highlighting the ROI (top) and background (bottom) by ORS Dragonfly. (C) Quantitative analysis of MR signal intensities in the ROI of sham pigs injected with M-GLAMs 
(n = 2) or Gadavist (n = 4) and mTBI pigs injected with M-GLAMs (n = 3) or Gadavist (n = 4) by the mean pixel intensity ( IROI ). Post-scans were used. (D) Relative mean in-

tensity of ROI to muscle based on the post-scans, obtained by IROI ∕ Imuscle . (E) Relative mean intensity changes of ROI to cerebral background based on the post-scans, 
calculated by (IROI − Ibackground)∕ Ibackground . (F) Signal-to-noise ratio (SNR) of the post-scans was calculated by IROI ∕Δbackground . (G) Contrast-to-noise ratio (CNR) of the post-
scans was acquired by (IROI − Ibackground)∕Δbackground . Δ, SD. For (C to G), data were analyzed using unpaired t test; *P ≤ 0.05 and **P ≤ 0.01. A.U., arbitrary units.

D
ow

nloaded from
 https://w

w
w

.science.org at N
ortheastern U

niversity on M
arch 04, 2026



Wang et al., Sci. Transl. Med. 16, eadk5413 (2024)     3 January 2024

S c i e n c e  T r a n s l at i o n a l  M e d i c i n e  |  R e s e a r c h  A r t i c l e

8 of 12

contrast, no difference was observed in the sham and mTBI pigs when 
injected with Gadavist (22.33% in sham versus 25.85% in mTBI, 
P = 0.6). The signal-to-noise ratio (SNR; IROI ∕Δbackground ), contrast-
to-noise ratio [CNR; (IROI − Ibackground)∕Δbackground ], and the coeffi-
cient of variation for ROI and background (CoV; ΔROI ∕ IROI and 
Δbackground ∕ Ibackground ) were also obtained (Fig.  5, F and G, and 
fig. S11), where ∆ is the SD of the signal. Both SNR and CNR were sig-
nificantly different between sham and mTBI pigs only in the case of 
M-GLAMs (P ≤ 0.05), but not in the case of Gadavist, with a particu-
larly notable difference observed in the case of CNR (P > 0.05; Fig. 5G). 
A lower CoV of ROI in the M-GLAM groups over Gadavist implies 
that M-GLAMs provide a more uniform enhancement of MRI signal in 
the ROI (fig. S11).

Tolerance of M-GLAMs and Gadavist was assessed by histopa-
thology (fig. S12). Vital organs were harvested, fixed, sectioned, and 
stained with hematoxylin and eosin for histological analysis at 4 
days after injection. No conspicuous histological abnormality was 
seen in the organs of either Gadavist or M-GLAM–injected animals, 
as assessed by an independent board-certified veterinary patholo-
gist. Some mild changes, observed in the livers, lungs, and kidneys 
of both groups, were attributed to the euthanasia and fixation proce-
dures. Neuroinflammation after mTBI was also confirmed by histo-
pathology by staining ionized calcium binding adaptor molecule 1 
(IBA1+) macrophages within coronal whole porcine brain slices that 
included the ROI (ChP and LV). Analyses revealed increased mac-
rophage density within the brain tissues of the mTBI animals com-
pared with the sham groups (fig. S13).

DISCUSSION
M-GLAMs provide a means of leveraging immune cells to monitor 
brain inflammation after mTBI. GLAMs were prepared using a fab-
rication process to build hydrogels into discoidal microparticles. 
The results presented here demonstrate that Gd(III) can be incorpo-
rated into GLAMs with at least an eightfold enhancement in relaxiv-
ity. GLAMs were stable during the freeze-thaw process, which is 
critical in improving the particle yield and essential for long-term 
storage. GLAMs are made of materials (that is, hyaluronic acid and 
polyethylene glycol) that have been widely used in Food and Drug 
Administration–approved products (50, 51).

M-GLAMs were prepared by incubating GLAMs with allogeneic 
macrophages. Adhesion of GLAMs does not adversely affect macro-
phage functions, including cell viability, migration, and surface recep-
tor expression. Stable binding of GLAMs to the macrophage surface 
can result from the balance between the factors that promote and im-
pede phagocytosis. Macrophages are highly effective in binding, en-
gulfing, and eliminating particulates with dimensions larger than 0.5 
μm (52). They are capable of proficiently internalizing even unopso-
nized particles by scavenger receptor-mediated phagocytosis through 
the zipper mechanism (53, 54). In addition to the size, the shape of the 
particle largely affects the phagocytosis process; specifically, particles 
with a high aspect ratio can evade phagocytosis by preventing the for-
mation of the actin structures required for particle ingestion (55). The 
balance of these two opposite facets provides the optimal niche for 
GLAMs to attach to the macrophage surface with prolonged retention 
times. This feature enables the stable loading of Gd(III) on the cell 
surface through preventing degradation of Gd(III)-loaded particles 
by intracellular enzymes or acidic conditions and avoids the change of 

relaxivity of Gd(III) due to changes in pH (56). GLAMs are compati-
ble with the carrier cells and can stably adhere to macrophages under 
different physiological shear stresses that they may encounter upon 
injection, circulation, extravasation, and migration (57). Together, the 
optimized manufacturing process, the biocompatibility of materials, 
and the stability of the system favor the clinical translation of this 
technology.

M-GLAMs provided a biodistribution profile that addresses cur-
rent clinical challenges associated with GBCAs. Specifically, high con-
centrations of GBCAs are often needed for clinical diagnosis (58); 
thus, the use of GBCAs is contraindicated in patients with existing 
kidney dysfunctions because of the potential nephrotoxicity of 
Gd(III) and increased risk of nephrogenic systemic fibrosis in these 
patients (59). M-GLAMs were delivered at a dose 500- to 1000-fold 
lower compared with Gadavist. Furthermore, M-GLAMs exhibited 
negligible renal accumulation of Gd(III), thus altogether reducing re-
nal exposure to Gd(III). The bulk structure of GLAMs is expected to 
be degraded in vivo by hyaluronidase (60), but the covalent bonds 
formed by the methacrylate groups are expected to be relatively stable 
(61, 62). This can allow Gd(III) to be released from GLAMs in a mac-
romolecular form, which has a higher stability and thus a lower tissue 
deposition and toxicity compared with small Gd(III) chelates (63, 64). 
Furthermore, the long-term safety test revealed no evidence of sys-
temic toxicity caused by M-GLAMs.

Diagnosis of mTBI remains a major challenge (65). Current clin-
ical neuroimaging for TBI diagnosis usually focuses on finding ob-
servable structural damage, such as contusions, hematomas, or 
other injuries that disrupt the blood-brain barrier (BBB) in the 
brain parenchyma (66). However, to date, no imaging modality has 
demonstrated clinical utility in the management of TBI without 
structural brain injury (that is, mTBI). Although advanced MRIs re-
veal abnormalities in large group comparisons, the findings on arte-
rial spin labeling, diffusion imaging, and MR spectroscopy lack 
biological and temporal specificity (67, 68). Without pretrauma im-
aging and a history of mTBI, these advanced features cannot be reli-
ably attributed to a traumatic injury and cannot differentiate a 
patient who is affected from one who is not. Hence, a remarkable 
advance in the field would be the identification of a dependable 
method to differentiate TBI from non-TBI using conventional im-
aging techniques to interrogate a single ROI such as the ChP. The 
results of the porcine studies presented here indicate that M-GLAMs 
could potentially differentiate healthy and injured brains by provid-
ing differential MRI signals in the region of the ChP and LV using 
the conventional MRI.

The differential homing of M-GLAMs in mTBI and sham pig 
brains can be attributed to the active trafficking ability of immune 
cells to the inflamed brain through the ChP, with the state of neuroin-
flammation being confirmed by detection of an increase in IBA1+ 
macrophage density in postinjury brain tissues, and aligns with previ-
ously reported work in this porcine model (69). This mechanism is in 
line with the findings reported by others that myeloid cells traveled to 
the brain through the BCSF barrier after trauma (70). This migration 
is driven by the release of ChP-regulated chemokines and cytokines in 
synergy with adhesion molecules in the CNS (71). In addition, the 
high blood flow rate at the ChP (5- to 10-fold faster than that in other 
tissues) and fenestrated ChP capillaries provide an exceptional 
niche for circulating immune cells to access and interact with ChP 
stroma (72). These features may lead to the enhanced infiltration of 
M-GLAMs into the CSF through the BCSF barrier. Although the BBB 
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can potentially provide another route for immune cells to penetrate 
into the injured brain (73), we did not observe any overt change in 
BBB or nearby brain parenchyma in the MRI scans. This can poten-
tially be attributed to the large surface of the BBB (5000-fold com-
pared with the BCSF barrier) (74) that may hinder the localization of 
the contrast agents to achieve the critical concentration required for 
detectable MRI signals.

One primary limitation of this study is its small animal sample 
size, limiting the generalizability of the results. Furthermore, the ob-
served results may not fully capture the diverse range of responses 
within the population. Future research involving larger cohorts is nec-
essary to validate the identified trends and conclusions. Another con-
straint involves the potential migration of M-GLAMs to the inflamed 
brain in conditions other than mTBI by the ChP. Nonetheless, when 
used in conjunction with other elements of the clinical exam provid-
ing supplementary information, M-GLAM–based imaging holds the 
potential to enhance the diagnostic accuracy of mTBI.

Together, we demonstrated that  M-GLAMs are a living contrast 
agent that enables us to image macrophage infiltration of the BCSF 
barrier and its vicinity (the ChP and LV) after mTBI. Future applica-
tions of M-GLAM might be expanded to other CNS disorders that 
involve the pathological changes at the ChP (75). In the studies pre-
sented here, allogenic macrophages were used to prepare M-GLAMs, 
and the clinical applications of M-GLAMs could potentially make use 
of engineered allogeneic macrophages that can be manufactured at 
scale. With further research focused on safety, manufacturing and 
evaluation of diagnostic performance in realistic clinical settings, 
M-GLAMs might expand current diagnostic tools for CNS disorders.

MATERIALS AND METHODS
Study design
Here, we aimed to design Gd(III) micropatches that adhere to mac-
rophages to image macrophage infiltration through the ChP after 
TBI. We first characterized the physical properties of GLAMs and 
assessed their effects on macrophage viability and function in vitro.

To assess the in vivo biodistribution and tolerability of GLAM and 
M-GLAMs, each experimental group consisted of three mice. These 
mice received contrast agent injections, and subsequently, major or-
gans and blood samples were collected. For biodistribution studies, 
Gd(III) levels in the tissues were quantified using ICP-MS. Tissue 
staining and blood chemistry panels were used for tolerability assess-
ments. To evaluate the targeting capability of M-GLAMs toward in-
flamed brain tissue after mTBI in a porcine model, each experimental 
group comprised two to four pigs. These pigs were administered the 
contrast agent injections and underwent MRI imaging. Four days af-
ter the MRI scan, the animals were euthanized, and major organs 
were collected. Tissue staining was subsequently used to assess both 
tolerance and the extent of macrophage accumulation in the brain. 
Careful attention was given to controlling environmental variables, 
standardizing experimental procedures, and ensuring the consistency 
of measurements across all groups. In addition, the histological ex-
amination was conducted blinded to ensure unbiased assessment of 
the samples. The mouse experiments were conducted in accordance 
with protocols approved by Harvard University’s Institutional Animal 
Care and Use Committee (protocol ID: 21-01-378). The swine experi-
ments were conducted in accordance with protocols approved by 
Boston Children’s Hospital Institutional Animal Care and Use Com-
mittee (protocol ID: 19-12-4110R*).

Hydrogel synthesis
The hydrogel was composed of an HAMA mixture (mass ratio of regu-
lar HAMA and fluorescent HAMA = 10:1; see the Supplementary Ma-
terials for synthesis and characterization), PEGDMA (1 k Da, obtained 
without purification from Polysciences), Gd(MAA)3, and Irgacure 
2959 photoinitiator (I2959; Sigma-Aldrich). To prepare the hydrogel 
mixture, Gd(MAA)3 solution was first prepared in deionized (DI) wa-
ter (1 wt%) with sonication. The regular HAMA and fluorescent 
HAMA were dissolved in Gd(MAA)3 solution at the concentration of 
3 wt% at room temperature (RT) overnight. Next day, I2959 was dis-
solved in Gd-MAA solution (2.5 wt%) at 60°C with stirring for at least 
10 min, and PEGDMA solution was prepared in Gd-MAA solution 
(20 wt%) at 37°C. The final hydrogel solution was prepared by mixing 
the solutions of regular HAMA, fluorescent HAMA, I2959, PEGDMA, 
and Gd(MAA)3 with a volume ratio of 10:1:4.2:1.7:1.

GLAM fabrication
Hydrogel solution was prepared by the aforementioned method. 
PDMS templates were prepared (see the Supplementary Materials for 
PDMS template preparation) and cut into 1 inch–by–1 inch quad-
rants. To increase the hydrophilicity of PDMS for hydrogel deposi-
tion, quadrants were then plasma-ashed with O2 for 60 s (Thierry 
Corp.). Immediately after plasma treatment, quadrants were spin-
coated with 200 μl of the hydrogel solution per quadrant at 4000 rpm 
for 90 s (at a ramp of 500 rpm/s), followed by UV exposure (365 nm; 
50 W; Analytik Jena) for 10 min. The distance between the hydrogel 
and UV light source was critical for proper cross-linking. The residual 
hydrogel outside the cylindrical holes was then removed by oxygen 
plasma etching (80 mtorr and 100 W) at 20°C for 160 s by the load-
locked high plasma density etcher (PlasmaPro 100 Cobra 300; Oxford 
Instruments). GLAMs were formed within the holes of PDMS tem-
plates. Next, the etched samples were placed in a −80°C freezer for 
better detachment of the GLAMs from the PDMS substrate.

GLAMs were retrieved from PDMS templates by printing modi-
fied from the work of Xia et al. (76). PVA-coated dishes, the printing 
substrate, were prepared by coating 2.5 ml of a 3% (w/v) PVA solution 
(13 to 23 kDa), followed by drying PVA in an oven at 65°C overnight. 
Before printing, the frozen samples were thawed at RT to prevent wa-
ter condensation on the quadrant surface because the condensation 
can largely affect the printing yield. The coated side of a PVA dish was 
held ~2 cm over the beaker filled with DI water at 65°C for ~7 to 10 s. 
A GLAM-containing PDMS quadrant was instantly pressed onto the 
warmed PVA dish. To collect printed GLAMs, 3 ml of DI water or 
phosphate-buffered saline (PBS) was added to the dish with gentle 
washing, applied twice. The collected solution was filtered through a 
20-μm cell strainer to remove any large debris, followed by centrifuga-
tion at 2000g for 2 min to obtain GLAMs. See the Supplementary Ma-
terials for the paramagnetic property characterization of GLAMs.

Preparation and characterization of M-GLAMs
Frozen GLAM solution was thawed to RT. GLAMs collected by cen-
trifugation at 2000g for 2 min and were resuspended in culture media. 
Concurrently, bone marrow–derived macrophages (BMDMs) cul-
tured in 24-well plates for 24 hours were transferred from the incuba-
tor, and the medium was slowly aspirated and replaced by fresh 
culture media. See the Supplementary Materials for murine and por-
cine BMDM culture. Then, GLAMs were counted and added to each 
well to achieve different GLAM:macrophage ratios (1.5:1, 2.25:1, and 
3:1) with a final incubation volume of 0.5 ml per well. BMDMs were 
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then incubated with GLAMs at 37°C and 5% CO2 for 1.5 hours with-
out disturbance. After incubation, the supernatant containing un-
bounded GLAMs was aspirated, and the cells were washed by the 
addition of 0.5 ml of PBS and aspiration. To harvest M-GLAMs, 
0.5 ml of Accumax was added to each well and incubated for 15 min 
at 37°C and 5% CO2. The plate was removed from the cell culture in-
cubator and gently thumped on the side several times. The solution 
was collected into 5-ml tubes with equal volume of culture media, 
followed by centrifugation at 300g for 5 min at 4°C. See the Supple-
mentary Materials for the M-GLAM characterization.

Biodistribution of Gadavist, GLAMs, and M-GLAMs in mice
Healthy female BALB/c mice (RRID:IMSR_CRL:027) were intrave-
nously administered with Gadavist (0.1 mmol/kg), GLAMs (10 × 106/ml 
in saline, 200 μl), or M-GLAMs (6 × 106/ml in saline, 200 μl). At 
certain time points after administration (15 min, 1 hour, and 24 hours 
for the Gadavist group; 1, 4, 8, and 24 hours for the GLAM and 
M-GLAM groups), submandibular blood was collected, and the mice 
were immediately euthanatized. Next, the major organs (brain, lungs, 
heart, liver, spleen, and kidneys) were extracted, washed in PBS, and 
weighed. The organs were then transferred into 14-ml round bottom 
tubes, and radioimmunoprecipitation assay (RIPA) lysis buffer (EMD 
Millipore) was added to each organ (1 ml for brain, lung, heart, and 
kidney; 5 ml for liver; and 0.5 ml for spleen) before homogenization. 
In addition, 0.4 ml of RIPA was added to 0.1 ml of blood samples. The 
homogenized samples were mixed with concentrated aqua regia solu-
tion (HNO3:HCl = 1:3; 0.5 ml for brain, lung, heart, and kidney; 2.5 
ml for liver; 0.25 ml for spleen; and 0.1 ml for blood) for 2 days. The 
resulting solutions were then diluted by DI water (4.75 ml for brain, 
lung, heart, and kidney and 4 ml for spleen and blood) with no dilu-
tion for the liver sample, followed by centrifugation at 1200g for 5 min 
to obtain clear samples without tissue debris. Supernatants (4 ml) 
were slowly transferred to 15-ml conical tubes and subsequently 
mixed with 1 ml of internal standard solution [thulium (1 ng/ml) and 
indium in 2% (v/v) HNO3; High-Purity Standards]. The mixture was 
then used for ICP-MS analysis, and the concentration was determined 
using a calibration curve made with Gd(III) ICP standard solution 
(High-Purity Standards).

MRI and contrast administration
Details of the porcine mTBI model can be found in the Supplemen-
tary Materials and Methods. Two MRI scans were performed on 
each animal: a preinjection scan (without contrast) and a postinjec-
tion scan (with contrast) at 2 days after injury. The animals were 
scanned using a 3-T scanner (Skyra; Siemens, Erlangen, Germany) 
located within the Radiology Department of Boston Children’s Hos-
pital. Within the sham and mTBI conditions, animals were random-
ly assigned to receive either the clinically available contrast agent 
Gadavist (1 mmol/ml, dose of 0.1 ml/kg, clinically used dose) (Bayer, 
Leverkusen, Germany) or M-GLAMs (~75 million to 175 million/10 ml 
of saline, 10 ml per pig; sham Gadavist, n = 4; sham M-GLAMs, 
n = 2; mTBI Gadavist, n = 4; mTBI M-GLAMs, n = 3). Swine were 
anesthetized with telazol (2.2 to 6.6 mg/kg), xylazine (1.1 to 2.2 mg/
kg), and atropine (0.04 mg/kg), and vital signs (heart rate, respira-
tory rate, pulse oximetry, and core body temperature) were moni-
tored throughout the procedure. Once induced, another blood draw 
was performed by superior vena cava. The animal was transported 
to the MRI facility and securely positioned on their back (supine) 
within the scanner with a 64-channel head and neck coil (Siemens, 

Erlangen, Germany). A magnetization-prepared 2 rapid acquisition 
gradient echo sequence was used with the following parameters: 
TR = 4000 ms, TI1/TI2 = 700, 2500 ms, α1/α2 = 4, 5°, BW = 230 Hz/
pixel, 3× GRAPPA acceleration, and acquisition time = 9 min. Iso-
tropic images (1 mm) were acquired with a field of view (FOV) of 
43.6 cm by 20 cm. This sequence generates images with each of the 
individual inversion times and a T1 map with the same spatial reso-
lution as the other sequences. In addition, two-dimensional fluid-
inversion attenuation recovery (FLAIR) sequence was acquired in 
the coronal plane; the parameters for the sequence were as follows: 
TR = 9000 ms, TE = 108 ms, TI = 2500 ms, BW = 290, and FOV = 14 cm 
by 18 cm. FLAIR was used to evaluate the anatomy after injury and 
ensure that no unexpected contusions or hematomas occurred; these 
images were used only for expert neuroradiology review.

After the preinjection scans, the animal received the contrast 
agent. In the case of the animals receiving Gadavist, the animal began 
its postinjection scan ~5 min after injection, which is comparable to 
the time delay used clinically. In the case of the animals receiving the 
M-GLAMs, the animal received its postinjection scan 1 hour later, 
allowing the M-GLAMs to traffic into the brain. During this time, the 
animal’s body temperature was maintained using Bair Hugger (3M, 
Maplewood, MN). The postcontrast injection scans were taken using 
the same parameters as described above. After the scans, the animal 
was returned to its cage to recover.

Statistical analysis
All statistical analyses were represented as means ± SE using Graph-
Pad Prism 8 software. To determine statistical significance, unpaired 
Student’s t test and one-way or two-way analysis of variance (ANOVA) 
with Tukey’s post hoc test were used, as applicable. The replications 
of experiments are all biological replicates. Significance was deter-
mined at the following cutoff points (not significant, P > 0.05; 
*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; and ****P ≤ 0.0001). Flow 
cytometry analyses were carried out using FCS Express 7. Raw data 
for all graphs in Figs. 1 to 5 are summarized in data file S1.

Supplementary Materials
This PDF file includes:
Materials and Methods
Figs. S1 to S13
References (77–87)

Other Supplementary Material for this manuscript includes the following:
Data file S1
MDAR Reproducibility Checklist
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Editor’s summary
Traumatic brain injury (TBI) elicits inflammatory responses, including the brain infiltration of macrophages through the
choroid plexus. Wang and colleagues designed macrophage-adhering gadolinium-loaded anisotropic micropatches
(GLAMs) to test whether tracking of macrophages tagged with GLAMs could improve MRI imaging after TBI. GLAMs
had high contrast efficacy and adhered to macrophages without impeding their function. In vivo experiments in pigs
showed that MRI of the choroid plexus using macrophages tagged with GLAMs allowed us to differentiate between
sham- and TBI-exposed animals. Although more experiments are needed to validate these findings, GLAMs could help
improve MRI for TBI. —Daniela Neuhofer
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