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Abstract
Nanoparticle systems are often used to facilitate drug delivery to the central nervous system (CNS). There
are many clinical situations in which CNS tissue might be removed prior to administration of a
therapeutic nanoparticle; however, the iatrogenic effects of surgical resection on nanoparticle deposition
in the brain remain unknown. We hypothesized that resection would facilitate nanoparticle delivery to
peri-resection tissue as a function of timing of nanoparticle administration after removal of tissue. To test
this hypothesis polystyrene nanoparticles surface modi�ed with poly(ethylene glycol) (PEG) were
administered either immediately, 2 hours, 24 hours, 4 days, or 7 days after resection of murine cortex.
Fluorescence microscopy revealed that minimal nanoparticle delivery to brain vasculature was observed
in healthy mice, yet signi�cant nanoparticle delivery was observed in mice that received resection.
Spatially, nanoparticles were con�ned to the vascular compartment and did not enter the parenchyma.
Nanoparticle delivery was high near the resection boundary and declined with distance into the peri-
resection tissue. The highest level of delivery was observed when nanoparticles were administered
immediately after resection, and FNPs could be detected in the CNS when nanoparticles were
administered up to 24 hours after resection. The diameter of blood vessels that contained nanoparticles
was signi�cantly greater than the diameter of blood vessels that did not contain nanoparticles, and larger
vessels contained brighter clusters of nanoparticles. These relationships depended on time after
resection, suggesting that a dynamic vascular response. These studies highlight important
considerations that can be used to develop nanotechnology for neurosurgical applications.

Introduction
The blood brain barrier (BBB) is an evolutionarily conserved network of cells and cellular processes that
serves to maintain homeostasis and protect the brain parenchyma from circulating toxins or pathogens
[1]. Its regulatory capacity is both complex and redundant, consisting of tight junctions between
endothelial cells that lack of fenestrations, which prevents passive diffusion of water-soluble molecules,
as well as e�ux transporters that actively deplete molecules that would otherwise gain entry through
cellular routes [2]. Few systemically administered agents can reach the brain or spinal cord parenchyma.
Molecules that possess the biophysical characteristics necessary for BBB passage (i.e., non-polar and
low molecular weight) are plagued by poor aqueous solubility and binding to proteins and lipids, which
facilitate rapid clearance from circulation [3]. Thus, the BBB has been a major obstacle that prevents
effective treatment of central nervous system (CNS) disease.

Encapsulation of small molecules within nanoparticle carriers is one method that can improve drug
delivery across the BBB [4]. Nanoparticle systems afford sustained release of their payload and function
either by enhancing circulating levels of active agents nonspeci�cally, which allows greater opportunity
for brain-available substances to reach tissues of interest, or through active targeting strategies that aim
to redirect tissue- and cellular-level fate of nanoparticle or payload. In some examples, particle systems
have been engineered for transcytosis of both the nanoparticle and its cargo across the BBB into the
parenchyma [4][5][6]However, even in absence of nanoparticle transcytosis across the BBB, nanoparticles
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are capable of enhancing brain delivery of small molecules [7], thus yielding new opportunities to treat
CNS disease in preclinical models[8].

The interaction of nanoparticles with vasculature is known to be a key determinant of drug delivery, and
disruption of BBB integrity can offer a selective advantage to nanoparticle mediated drug delivery. For
example, it is well established that nanoparticles are capable of accumulating in the leaky vasculature
that fuels many intracranial tumors [9][10]. We have also speci�cally studied nanoparticle delivery
following traumatic brain injury (TBI) in mice. In models of controlled cortical impact (CCI) and �uid
percussion injury (FPI), there is a spatiotemporally de�ned window following the injury event, during
which nanoparticles are capable of not only accumulating at the site of injury but in fact extravasating
into the parenchyma [11][12][13]. Improvements in nanoparticle delivery to the CNS have also been
observed in a variety of models in which the integrity of the BBB has been disrupted [14][15][16][17]. Thus,
timing of nanoparticle delivery following injury is an important aspect of optimizing therapeutic e�cacy
for systemically administered nanomedicine.

Building off this prior work demonstrating that injury can facilitate nanoparticle delivery to the CNS, we
hypothesize that surgical resection is a form of brain injury that may also affect BBB integrity to alter
delivery of systemically administered nanoparticles to the CNS. These iatrogenic effects of surgical
resection on nanoparticle delivery have not been studied previously. Here, we subjected healthy mice to a
mock surgical resection in the cortex, after which �uorescently labeled, polystyrene nanoparticles surface
modi�ed with polyethylene glycol (PEG) were administered intravenously at various time points after
injury (immediately, 2 hours, 24 hours, 4 days, or 7 days later). One hour following administration of these
model nanoparticles, brains were extracted and �uorescence imaging was used to evaluate the spatial
distribution of nanoparticles near to and far from the injury site. Our data support the expectation that
resection of brain tissue impacts nanoparticle delivery, and that this is spatiotemporally regulated. These
results highlight that timing of nanoparticle administration following surgical resection could be an
important mediator of delivery to the CNS, which may have implications for therapeutic development of
nanomedicine for neurosurgical applications.

Methods

Nanoparticle Preparation and Characterization
FluoSphere™ polystyrene nanoparticles with starting diameter of 100 nm and carboxylate surface
functionality were obtained from Thermo Fisher Scienti�c (Waltham, MA USA). Nanoparticles were
surface modi�ed utilizing carbodiimide chemistry. N-hydroxysuccinimide (NHS, Thermo Fisher) and 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, Thermo Fisher) enabled covalent attachment of
2kDa methoxy-poly(ethylene glycol)-amine (mPEG-amine, Nanocs, New York, NY) as previously described
[18]. Nanoparticles were washed with distilled water using 0.5 ml Amicon-Ultra centrifugation �lters (10k
MWCO, MilliporeSigma). mPEG-amine (5x molar excess) was added to nanoparticle solutions and
allowed to stir for 15 min. NHS (6.5 mg) was dissolved in borate buffer (6mL 200 mM, pH 8) and added
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to the nanoparticle solution, followed by EDC (15.4 mg). After 3 hours, the reaction was quenched with
excess glycine (100 mM) for 30 min. Modi�ed nanoparticles were dialyzed (100k MWCO) for 24 hours,
washed, and collected with Amicon-Ultra centrifugation �lters (100k MWCO). The resulting PEGylated
FluoSpheres™ (FNPs) were resuspended to a �nal concentration of 20 mg/ml in 1x PBS for storage at
4°C. Size and zeta potential of FNPs were measured in 1 mM KCl before and after PEGylation using a
NanoBrook 90Plus Zeta (Brookhaven Instruments, Holtsville, NY USA).

Tumor Resection
All procedures were completed in accordance with the Barrow Neurological Institute’s Institutional Animal
Care and Use Committee. Female C57bl/6 mice (6–8 weeks, Harlan Laboratories, Indianapolis, IN USA)
were housed on a 12hr light-dark cycle with ad libitum access to food. To simulate surgical injury, we
developed a mock resection model. Mice were anesthetized with an intraperitoneal injection of ketamine
(100 mg/kg) and xylazine (10 mg/kg). Following excision and retraction of the skin, a handheld biopsy
punch was used to remove a portion of the skull, and the dura was carefully dissected from the surface
of the brain. A glass pipette vacuum apparatus was used to remove healthy brain tissue from the frontal
lobe in the right hemisphere to make a 2 millimeter diameter cavity that extended to reach white matter
tracts of the hippocampus. A gelatin sponge (Surgifoam®, Ethicon US, LLC) was used to stop the
bleeding. The sponge was removed prior to wound closure, and mice were provided ibuprofen in their
drinking water for postsurgical analgesia.

Nanoparticle Administration
FNPs were sonicated for �fteen minutes prior to administration. A total FNP volume of 0.2mL was
administered intravenously by lateral tail vein injection to 3–4 mice in each group at the following time
points: immediately, 2 hours, 24 hours, 4 days, or 7 days after mock resection. Control mice received
injections of PBS after mock resection. The NPs were allowed to circulate for 1 hour, after which the mice
were perfused with heparinized PBS.

Tissue Collection and Processing
Following perfusion, the brain was isolated by blunt dissection and post-�xed with 4% paraformaldehyde
solution for 24 hours, transferred to a 10% sucrose solution for a minimum of 24 hours or until the brain
sank, and �ash frozen followed by storage at -80°C. A cutting block was used to slice the brain into ~ 2
millimeter segments, which were then cryo-sectioned to a thickness of 20 µm. Three locations were
de�ned for analysis: ipsilateral (surgically resected hemisphere), contralateral (uninjured hemisphere),
and control (control hemisphere from mice that did not receive surgical resection). Slices were stained
with an anti-CD31 antibody (Abcam, 1:50 dilution), an endothelial cell marker, for 24 hours at 4°C, washed
six times in 0.1% Triton-X, incubated with the secondary antibody (Goat anti-rabbit, 1:500 dilution,
Abcam), and washed again six times in 1% Triton-X. Slides were counterstained with DAPI (Vector
Laboratories, Burlingame, CA) and cover-slipped. Fluorescent confocal microscopy (Zeiss LSM 710) was
performed on every 3rd serial section, keeping acquisition settings constant for different samples.

Image Analysis
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Image analyses were performed in ImageJ (v1.47, National Institutes of Health). Only linear image
adjustments were utilized, and these were applied equivalently to all images collected. Control samples
(in which mice received an injection of saline instead of FNPs) were used to determine background
auto�uorescence, and all images were corrected to remove background by linear subtraction. A custom-
designed MATLAB program [19] was used to map pixel intensity as a function of radial distance from the
user-de�ned resection cavity. These data were binned and averaged across images (3–4 per mouse) and
mice (3–4 per group) to develop mean concentration pro�les as a function of distance. Blood vessel
diameter was measured from tissue slices stained with CD31 by utilizing a linear measurement tool. ROI
intensity (a relative measurement of FNP concentration) was determined by measuring mean pixel
intensity for a given cluster of nanoparticles and dividing by the area of the cluster, yielding AU/µm2.

Statistical Methods
Data were analyzed in GraphPad Prism (version 9.1, GraphPad Software, Inc., La Jolla CA). Analyses
were conducted utilizing one-way or two-way analysis of variance (ANOVA) as appropriate. Tukey’s
posthoc testing was utilized to account for multiple comparisons. The alpha level was set to 0.05.

Results
Successful surface modi�cation of nanoparticles was con�rmed by dynamic light scattering (DLS). Prior
to PEGylation, nanoparticles possessed an average hydrodynamic diameter of 116 ± 2.9 nm. As
expected, following PEGylation, the diameter of nanoparticles (now referred to as FNPs) increased to 135
± 27nm. These observations con�rm that the nanoparticles were successfully surface-modi�ed with PEG,
in accordance with our prior work that utilized the same conjugation strategy [20].

To assess brain delivery, tissue slices obtained from mice that received intravenous injection of FNPs
were analyzed by �uorescence microscopy. Minimal to no FNPs were detected in the brains of control
mice (data not shown). In mice that received surgical resection, we studied the spatial distribution of
FNPs in ipsilateral (the hemisphere that was resected) and contralateral (the hemisphere that was not
resected) regions as a function of time of administration after resection. Although FNPs were
occasionally detected in the contralateral hemisphere (Fig. 1A), these FNPs signals were rare, and their
location within the brain showed no patterns of localization. We therefore do not consider this signal to
be reliable evidence of parenchymal entry. In contrast, FNPs were reliably detected at very high
concentration in peri-resection tissue with reproducible patterns of localization when nanoparticles were
delivered immediately, 2 hours, or 24 hours after resection (Fig. 1B). FNPs tended to cluster with a spatial
distribution indicating containment within brain capillaries. The highest delivery of FNPs was achieved
when FNPs were administered immediately following resection, and delivery of FNPs declined when they
were administered 2 or 24 hours after resection. Minimal to no FNPs were detected in the brain when
FNPs were administered 4 or 7 days after resection. Either immediately, at 2 hours, or at 24 hours after
resection, the highest FNP signal was observed in tissue closest to the resection boundary, with the
relative prevalence of FNP positive vessels decreasing as distance increased from the resection
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boundary. Quantitative analyses revealed that FNP concentration declined within distance into peri-
resection tissue (Fig. 1C). FNPs were reliably detected up to 1,000 µm from the resection edge, with only
sporadic signal beyond this distance. Given that no FNPs were detected in the brain when they were
administered 4 or 7 days after resection, moving forward, results will be provided for mice that received
nanoparticles either immediately, 2 hours, or 24 hours after resection.

When FNPs were detected in peri-resection brain, they almost exclusively colocalized with CD31 + 
vasculature (Fig. 2). In the rare example of FNPs being detected outside of CD31 + vasculature (not
shown), we cannot exclude the possibility of a tissue slicing artifact (e.g., FNPs being dragged from
vascular locations into the parenchyma by the slicing blade). These examples were sporadic to non-
existent in the tissues analyzed, and so we do not attribute this signal to parenchymal entry of FNPs.

We observed that some CD31 + vessels in the brain contained a high concentration of FNPs, while other
CD31 + vessels contained no FNPs. To explore the possibility that vessels containing FNPs possess
different features than vessels not containing FNPs, we assessed the relationship between ROI intensity
(AU/µm2), blood vessel diameter (µm), and distance from the resection cavity (µm). In contrast to the
spatially averaged concentration pro�les shown in Fig. 1, these analyses focus on FNP signal measured
within discrete, non-uniform regions of interest: i.e., bright clusters containing a high concentration of
FNPs would have a high ROI intensity, while dim clusters containing a low concentration of FNPs would
have a low ROI intensity. This analysis yielded several intriguing results. First, we observed that BVD in
peri-resection tissue was greater when FNPs were administered either immediately or 2 hours after injury
compared to when FNPs were administered 24 hours after injury, and these differences were statistically
signi�cant (Fig. 3A). There was no apparent relationship between blood vessel diameter and distance
from the resection boundary within the relatively con�ned regions (up to 2mm from the resection
boundary) that we analyzed (Fig. 3B). There were signi�cant differences in vessel properties for
capillaries that did or did not contain FNPs (Fig. 4). BVD was lowest in the contralateral (non-resected)
hemisphere. BVD in the ipsilateral (resected) hemisphere) depended on whether the capillary contained or
did not contain FNPs. Vessels that contained FNPs possessed a greater diameter than vessels with no
detectable FNPs.

We observed that the relative brightness of clusters of FNPs was different in differently sized vessels, and
this was a function of time of FNP administration, an independent variable that also in�uences time of
tissue collection after resection (i.e., for mice that received FNPs either immediately, 2, or 24 hours after
resection, tissues were collected 1, 3, or 25 hours after resection, respectively). When FNPs were
administered immediately after resection, ROI intensity was not related to blood vessel diameter, with
many very intense signals observed in relatively small vessels. In contrast, when FNPs were administered
2 or 24 hours after resection, larger vessels contained brighter FNP clusters with a higher ROI intensity
(Fig. 5). These data were robust and repeatable, suggesting that a dynamic injury response induces
distinct nanoparticle-vessel interactions. The causality of this relationship could not be determined here;
either, the injury response in�uences BVD such that larger vessels are enriched in highly clustered FNPs,
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or, the presence of the FNPs themselves directly in�uences BVD (for example, by preventing effective
vasoconstriction after injury).

Discussion
The BBB is an evolutionarily conserved network of endothelial cells that prevents nearly all circulating
molecules from reaching the CNS at therapeutically relevant concentrations [2]. Encapsulation of drugs
within biocompatible nanoparticles is one method by which their delivery to the CNS can be improved.
These improvements are typically achieved via non-speci�c mechanisms; for example, nanoparticle
encapsulation can enhance circulation time and improve local bioavailability of small, lipophilic agents
that passively diffuse from the nanoparticle across the BBB [3]. Although large nanoparticles in
unmodi�ed form do not circumvent an intact BBB [11], there is evidence that an injured (or diseased) BBB
can facilitate nanoparticle accumulation along the vascular endothelium or within the parenchyma of the
brain and spinal cord [13] to enable better drug delivery [21]. Importantly, prior work demonstrates that the
extent of nanoparticle accumulation depends on the time of their administration after injury to the CNS
[12].

Because surgical resection is a form of brain injury, we aimed to characterize how timing of nanoparticle
administration after surgical resection impacts CNS delivery of intravenously administered nanoparticles.
We hypothesized that nanoparticle delivery to the CNS would be enhanced following mock surgical
resection in mice. To test this hypothesis, mice were subjected to mock surgical resection, in which a
small volume of brain tissue was vacuum pipetted from the cortex of a single hemisphere. Nanoparticles
were administered intravenously at various time points after resection, and their distribution in the brain
was studied with �uorescence microscopy both qualitatively and quantitatively.

Our model system utilized solid, �uorescent, non-degradable polystyrene nanoparticles that possess an
average hydrodynamic diameter of ~ 135nm following surface modi�cation with PEG. These
nanoparticles were selected for several reasons. First, this size is appropriate for engineering long-
circulating nanoparticles to avoid clearance by the reticulo-endothelial system (RES) [22]. This average
diameter is also within a typical size range for nanoparticle systems that have been designed for CNS
drug delivery [23]. Second, we selected a nondegradable nanoparticle with �xed �uorescence signal to
ensure that these measurements re�ect delivery of an intact nanoparticle versus measurement of a non-
covalently linked payload, lost label, or nanoparticle degradation byproduct [24][25]. Lastly, nanoparticles
were PEGylated to reduce protein absorption on the surface of the nanoparticle, which is a �eld standard
technique that confers bene�ts in terms of nanoparticle circulation and cellular interaction [26][27]. These
FNP nanoparticles are thus considered a somewhat generic rather than speci�c example of
nanomedicine, which improves the chance that what was observed here could have general relevance to
other types of solid nanoparticle systems that have been engineered for CNS drug delivery.

In this work, �uorescence microscopy analyses demonstrated that intravenously administered FNPs are
not detected in uncompromised tissues, either in the brains of healthy mice that did not receive surgical
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resection, or in the hemisphere that is contralateral to surgical resection. These data con�rm prior reports
that ~ 100nm nanoparticles do not bypass the BBB in un-modi�ed form [7][28]. In contrast to the lack of
CNS delivery observed for an uncompromised BBB, FNPs preferentially accumulated within blood vessels
near to resected tissue, with the highest concentration of FNPs observed directly adjacent to the resection
cavity and FNP concentration declining with distance from the resection cavity. Because FNPs were
almost always associated with blood vessels, were reliably detected at distances far from the resection
border (up to 1000µm), and are of relatively large diameter that prevents effective movement through the
brain interstitium [29], this concentration gradient is unlikely to represent diffusion of nanoparticle
through the parenchyma and must involve a physiological, likely hematogenous or cellular (paracrine),
process. It is unlikely that the source of FNP delivery originates from a systemic signal via the
hematogenous pathway, given that changes in vessel diameter and nanoparticle delivery were restricted
to the injured hemisphere. However, FNP delivery extended well beyond the immediate injury zone. The
most likely explanation for the FNP concentration gradient would involve local release and diffusion of a
soluble signaling factor from the injury zone into peri-resection tissue, leading to the most signi�cant BBB
alterations near to the injury site that then decline with distance.

We observed that the extent of FNP accumulation depended on timing of nanoparticle administration
following resection, which con�rms prior reports of temporally regulated injury responses. Nanoparticle
delivery to a disrupted BBB has been studied in a variety of injury contexts, including traumatic brain
injury [11][30], spinal cord injury [16][31][32][33][34][35][36], neuroin�ammation [37], oncology [38][14][39],
stroke [40][41], cerebral hemorrhage [42][43], and neurodegeneration [15][17][44]. CNS injury can be either
acute or chronic, involving both physical damage to the cells that directly disrupts BBB integrity, as well
as secondary injury responses that include in�ammation and immune cell in�ltration and activation [45].
This secondary injury response can further prolong or enhance CNS damage [46][47][48][49][50][51],
which is why we opted to examine both acute and chronic administration time points. In prior work, we
speci�cally studied nanoparticle delivery to the brain in controlled cortical impact (CCI, representing focal
injury) and �uid percussion injury (FPI, representing diffuse injury) murine models of TBI. These studies
utilized similar �uorescent, polystyrene nanoparticles of varying size (20, 40, 100, and 500nm) that were
then PEGylated. Although intravenously administered nanoparticles do not reach the parenchyma in the
uninjured hemisphere, we have shown in multiple reports that nanoparticles accumulate in the injury zone
and injury penumbra as a function of nanoparticle size and time of administration after injury [11] [12]
[13]. Qualitatively, the extent of nanoparticle delivery to the parenchyma decreased with distance from the
injury site, a spatial pattern of delivery that is similar to our �ndings here. In the CCI model, nanoparticle
accumulation was highest when nanoparticles were administered 1h after injury compared to later times
(up to 24h) after injury [11][12]; sex-dependent differences in the timing of this window for delivery were
also observed [13]. In contrast, in the FPI model, nanoparticle accumulation peaked when nanoparticles
were administered 3h after injury, compared to either 1 hr or later times (up to 24h) [12]. In either model,
nanoparticle accumulation was closely related to horseradish peroxidase extravasation, demonstrating a
mechanistic correlation between extent of BBB disruption and extent of nanoparticle accumulation in TBI
[12]. These published studies support the notion that different injury paradigms could produce distinct
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temporal and spatial evolution of BBB breakdown, yielding distinct nanoparticle deposition pro�les. Our
current data are consistent with this prior work, demonstrating that surgical injury also provides a
temporally de�ned window of opportunity for enhanced nanoparticle delivery to the CNS. However, in the
prior TBI work, nanoparticles were distributed well beyond vasculature to reach the parenchyma, whereas
in this current work, nanoparticle delivery was con�ned to the vascular compartment. Additionally, in the
TBI studies, the window was prolonged and/or characterized by a secondary peak in male mice, enabling
nanoparticle deposition in the parenchyma up to 3 days after injury [13]. In contrast to this prior work in
TBI, we observed a relatively short window of opportunity with no evidence for prolonged or secondary
opening at the later time points we assessed (24 hours, 4 days, or 7 days after injury). Given that our
studies utilized nearly identical model nanoparticles, the contrast between these two studies highlights
the complexity of brain injury responses.

The physiology of surgical brain injury is poorly understood [52]. Surgical brain injury occurs as a result
of, but not limited to, physical processes that include resection, incision, retraction or thermal damage.
The main consequence of such iatrogenic damage is irreversible tissue loss. This loss can also
materialize as tumor decompression, which is standard of care for treatment of malignant brain tumors;
however, our understanding of how iatrogenic injury impacts vasculature is incomplete. It is known that
tumor resection results in impaired regulation of cerebral blood �ow [53]. Moreover, rodent models
mimicking surgical brain injury suggest that the injury disrupts the BBB, causes neuronal death, and
results in brain edema [54]. This pathophysiology is observed in routine surgical settings. BBB
dysfunction and corresponding tissue responses thus play a pivotal role in surgical brain injury [55]. It
has also been reported that resection of brain tissue may cause signi�cant reorganization of brain
structures, this damage is not immediately reversible, and the extent of reorganization is dependent on
the location within the brain that resection occurred [56]. In the current work, we focused on a model of
resection of the cortex of mice. It is possible that the iatrogenic effect of resection on nanoparticle
deposition will depend on brain region, but this remains the subject of future work.

There are several limitations to our current study. Vessels comprising the BBB were identi�ed here
through antibody staining for CD31, which is a general vascular stain that effectively labels endothelial
cells. All CD31 + signal was observed in cellular formations with a characteristic capillary shape, which
further supports that the CD31 + signal represents BBB cells. Our analyses focused on phenotypic
changes to the major features of the BBB in an observational context, and it will be the subject of future
work to determine which molecular mechanisms underly these differences. Whether the relationships
observed here are due to unidirectional (vessel to nanoparticle) or bidirectional (involving both
nanoparticle effects on blood vessels as well as as vessel effects on nanoparticles) remains unclear,
although it is known that some solid nanoparticles can induce distinct in�ammatory responses from
endothelial cells[57]. The vessel microenvironment is complex, and tissue engineering approaches may
be particularly useful for developing a better understanding of how features such as hemodynamic
stress, biomechanical stimulation, or immune responses alter endothelial cell and vessel interactions with
nanoparticles[58, 59]. Our results are also speci�c to the solid, ~ 100nm model nanoparticles utilized in
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this study. Whether the relationships observed here extend to other classes of nanomedicine remains to
be determined.

We focused on studying the iatrogenic effect of surgical resection on nanoparticle delivery as an example
of brain injury. CNS tissues can be removed for a variety of reasons, including biopsy or treatment of a
tumor, epilepsy, infection, arteriovenous malformation, or vascular injury resulting from CNS trauma such
as stroke or intracerebral hemorrhage. In some instances, resection could involve removal of diseased
tissue, in which vascular aberrations are already present (e.g., the poorly formed neovasculature of a
rapidly growing tumor). In other instances, resection or related forms of surgical brain injury could occur
for tissue that would otherwise possess an intact BBB. This may occur in a clinical setting (e.g., removal
of epileptic tissue, or incidental damage that occurs when the brain must be surgically accessed for
biopsy or implantation of a catheter), but it is also signi�cant for preclinical models. In preclinical models,
the brain is often surgically accessed to induce disease – for example, to implant a tumor, or to infuse a
substance that will generate disease-mimicking pathophysiology. It has been shown in published work
that these surgical procedures can disrupt the BBB [60]. Our data show that nanoparticle delivery to the
CNS is enhanced following surgical resection of tissue in absence of preexisting vascular malformation
or damage. These results may have implications for preclinical models in which nanoparticle delivery
seems to be demonstrated but in fact could be an artifact of BBB disruption from the surgical procedure.
Whether different forms of surgical injury or the combination of surgical injury with other kinds of
vascular damage might further alter nanoparticle deposition pro�les will be the subject of future studies.
Taken in sum, this work is the �rst to directly address nanoparticle deposition in the brain following
iatrogenic injury and raises signi�cant considerations for the development of nanomedicine to treat CNS
disease after surgical resection.

Conclusions
Intravenously administered FNPs are not detected in the brains of healthy mice but are readily observed
in the brain vasculature of mice that have received mock surgical resection. Our observations support the
over-arching hypothesis that iatrogenic surgical brain injury facilitates nanoparticle access to the brain
via interaction with vasculature. Speci�cally, the extent of delivery is spatiotemporally regulated following
injury, which is consistent with observations regarding nanoparticle deposition in other preclinical injury
models. The data presented here suggest that surgery itself is an important confounder for interpretation
of preclinical nanoparticle delivery studies as well as a key variable that might in�uence therapeutic
development for translation of nanomedicine into the clinic.
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Figure 1

In mice that received surgical resection, we studied the spatial distribution of FNPs in ipsilateral (the
hemisphere that was resected) and contralateral (the hemisphere that was not resected) regions as a
function of time of administration after resection. Although FNPs were occasionally detected in the
contralateral hemisphere



Page 19/22

Figure 2

When FNPs were detected in peri-resection brain, they almost exclusively colocalized with CD31+
vasculature (Figure 2).
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Figure 3

First, we observed that BVD in peri-resection tissue was greater when FNPs were administered either
immediately or 2 hours after injury compared to when FNPs were administered 24 hours after injury, and
these differences were statistically signi�cant
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Figure 4

There were signi�cant differences in vessel properties for capillaries that did or did not contain FNPs
(Figure 4).
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Figure 5

In contrast, when FNPs were administered 2 or 24 hours after resection, larger vessels contained brighter
FNP clusters with a higher ROI intensity (Figure 5).


