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 30 

Abstract 31 

The lack of reliable predictive biomarkers to guide effective therapy is a major obstacle for the 32 

advancement of therapy for  high grade gliomas (HGG), and particularly glioblastoma (GBM), 33 

one of the few cancers whose prognosis has not improved over the past several decades. With this 34 

pilot clinical trial we provide first in human evidence that drug-releasing intratumoral 35 

microdevices (IMD) can be safely and effectively used to obtain patient-specific, high throughput 36 

molecular and histopathological data to inform selection of drugs based on their observed 37 

antitumor effect in situ.  The use of IMD is seamlessly integrated in standard surgical practice 38 

during tumor resection. None of the six enrolled patients experienced adverse events related to the 39 

IMD, and the retrieved tissue was usable for downstream analysis  for 11 out of 12 retrieved 40 

specimens. Molecular analysis of the specimens provided, for the first time in humans, preliminary 41 

evidence of the robustness of the readout, with strong correlation between IMD analysis and clinic-42 

radiological responses to temozolomide. From an investigational aspect, the amount of information 43 

obtained with IMD allows unprecedented characterization of tissue effects of any drugs of interest, 44 

within the physiological context of the intact tumor.  45 

 46 

 47 

 48 



Introduction 49 

Glioblastoma, one of the most aggressive human malignancies, was the first cancer to be 50 

dissected at the genomic level1, pioneering the modern era of oncologic medicine. This molecular 51 

approach has led to the identification of several key driver genes (EGFR, PDGFRA, PIK3CA, 52 

PTEN, NF1, RB1, TP53, IDH1, etc) and pathways, including frequent alterations in chromatin 53 

remodeling.2 While this has resulted in significant advances in diagnosis3, and prognosis4, it has 54 

not significantly impacted treatment5,6,7. Clinical trials investigating therapies specifically targeted 55 

against major oncogenic pathways like EGFR8 or CDK4/69 have shown no benefit.  Presently, the 56 

only clinically relevant molecular biomarkers for predicting therapy response in HGG are: 1) 57 

R132H mutation in the isocitrate dehydrogenase 1 (IDH1) gene, which is responsible for a well-58 

defined subfamily of tumors, and which portends a better prognosis2 and possibly response to 59 

IDH1 inhibitors10; and 2) the expression status of the O6 methyl-guanine methyl transferase 60 

(MGMT)  gene, which is used as a predictor of response to DNA alkylating agents such as 61 

temozolomide (TMZ)11 and lomustine12. Use of the MGMT promoter methylation status for 62 

predicting therapy efficacy is fraught with limitations, such as unreliability and inconsistency of 63 

current clinical assays as well as interobserver variability13. Also, for the large group of patients 64 

with partial MGMT methylation cutoff thresholds are not well-established, leading to a grey zone 65 

in which the readout is generally inconclusive14. No clinically validated biomarkers exist for the 66 

prediction of tumor sensitivity for the range of other therapies in HGG.  67 

The disconnect between the abundance of molecular data available from each tumor and 68 

its lack of practical therapeutic value is due to many factors. Firstly, in vitro and in vivo models, 69 

which are used to test drug effects, are often suboptimal and yield results which are not 70 

recapitulated in patients15. Secondly, the notorious  heterogeneity of GBM cell populations16,17 
71 

makes it difficult to generalize biological responses across all the different cellular subtypes of the 72 



tumor, let alone among different patients. Thirdly, redundant oncogenic pathways2,18 and 73 

pronounced epigenetic plasticity characteristic of glioma cells19 make these tumors exquisitely 74 

adaptable and insensitive to isolated molecular hits.  75 

For these reasons, Lab-in-a-Patient approaches have been gaining traction in recent years as a 76 

potentially more effective way to establish the benefit of experimental treatments, in a personalized 77 

manner. Modern phase 0, window of opportunity clinical studies, where experimental drugs are 78 

given systemically before tumor resection, have demonstrated their value in providing important 79 

information, including tissue concentrations, cell responses and molecular biomarkers20,21,22. 80 

However, they still suffer from profound limitations, in particular the fact that each patient is 81 

exposed to only one drug at a time, making this design unsuitable for high throughput efficacy 82 

screening. Additionally, they cannot provide a comparison of effectiveness among different drugs, 83 

cannot test the effect of drug combinations and, finally, remain significantly resource-intensive.  84 

To fill this gap,  and facilitate a high throughput approach towards a personalized drug screening 85 

on a patient-by-patient basis, we developed a novel intrasurgical approach that takes advantage of 86 

the operational window provided by standard of care craniotomies for tumor resection to probe a 87 

patient’s glioma with different pharmacological perturbations directly within its native 88 

microenvironment (Figure 1), in order to obtain critical data on the personalized comparative drug 89 

responses which to-date have been elusive to the field. 90 

Our approach is based on tiny (6 x 0.7 mm) bio-compatible intratumoral microdevices (IMD)23 91 

(Figure 1a) which are inserted into the tumor at the time of surgery and remain in place until the 92 

tumor is fully resected. During this time, they release nanodoses of drugs in a spatially confined 93 

manner, such that they do not overlap (Figure 1b,c). Nanodoses are defined as amounts of drugs 94 

which result in negligible systemic concentrations (in our approach ~ 1/100,000th of what is 95 

achieved during normal dosing) but are able to provide appropriate concentrations in the tissue 96 



immediately adjacent (~0.5-1mm) to the point of release24. After incubation, the exposed tissue is 97 

collected, and the effect of each drug on the tumor is assessed independently and in parallel, 98 

allowing multiplexed pharmacological measurements (Figure 1c,d).  99 

 100 

Figure 1: Intratumoral Microdevices.  a: Photography of microdevice in real dimensions, 101 

compared to a pencil tip. Each number represent the independent outlet of each reservoir.  b: List 102 

of drugs contained in the IMD. c: Cartoon representing the rationale for using IMD. d: Trial 103 

schema 104 

 105 

Here we report the results of a first-in-human pilot clinical trial in high grade glioma patients, 106 

which provides evidence of safety, efficient integration into the standard clinical workflow, and  107 

technical feasibility. Robust drug phenotypes are obtained for a wide range of anti- 108 

cancer agents within the time of incubation afforded by standard surgical resection, and thus  109 

allowing full integration and virtually no interference with standard surgical and clinical practice.   110 

Importantly, we find early evidence that IMD readouts of intratumor microdose drug effect directly 111 

correlate with tumor response to systemic chemotherapy in GBM patients. Our findings support 112 

the use of this platform as a novel approach to identifying treatment options for brain tumor 113 
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patients, integrating the data obtained from IMD in the decisional algorithm of a most effective, 114 

fully personalized adjuvant pharmacologic therapy.  115 

 116 

Methods 117 

Trial design 118 

This is an investigator-initiated, non randomized, single-center phase 1 study. All patients 119 

underwent surgery and follow up at the Brigham and Women’s Hospital and Dana Farber Cancer 120 

Institute, both affiliated to Harvard Medical School, Boston, USA. After obtaining IND approval 121 

for use of IMDs, all aspects  of the trial were approved on 10/23/2019 by the Institutional Review 122 

Board (IRB) at the Dana Farber Cancer Institute under protocol number 18-623. The study was 123 

registered at https://clinicaltrials.gov under the identifier NCT04135807.  The purpose of this study 124 

was explorative, to investigate safety and feasibility of integrating IMD use during an otherwise 125 

standard brain surgery for tumor resection.  Consequently, as specified in the trial consent, no 126 

information obtained from the IMD was used to make medical decisions regarding the post-127 

surgical care of patients. 128 

 129 

Patient Selection and Enrollment 130 

The trial was open to any patients older than 18 years of age, with known or suspected 131 

supratentorial glioma (WHO grade 2-4) observed in a brain MRI with and without intravenous 132 

gadolinium, and for which a craniotomy for tumor resection was indicated. The required lesion 133 

volume was greater than 5 cubic centimeters. A Karnofsky Performance Score (KPS) ≥ 60 was 134 

also required. Exclusion criteria were enrollment in concomitant trials. Patients with 135 

coagulopathies, platelet counts<100,000/ml, or with deep-seated tumors (in brainstem and/or 136 



thalamus) were also excluded. Eligibility was assessed in clinic and details were explained before 137 

an informed consent was obtained.  138 

The accrual diagram is presented in Supplementary Figure 1.  139 

 140 

IMD development 141 

IMDs were manufactured from implant-grade radiopaque poly-ether-ketone-ketone (PEKK) with 142 

20% barium sulfate (Oxford Performance Materials) on a 5-axis CNC micromachining station 143 

using subtractive machining techniques and inspected in accordance to quality control guidelines, 144 

as previously described25. A rigid nitinol guidewire of 0.25 mm diameter, designed to increase 145 

visualization of the devices in the operatory field and within the specimen, was attached to the 146 

IMD body using medical-grade epoxy (EPO-TEK MED-301) and a curing step. IMDs were rinsed 147 

in United States Pharmacopeia (USP)-grade Sodium Hydroxide and endotoxin-free water26. 148 

All pharmaceutical agents used are FDA-approved and purchased commercially. The list of drugs 149 

and their mechanism of action is provided in Figure 1b.  The drugs were prepared, mixed with 150 

USP-grade PEG matrix, and loaded. IMDs were singularly placed into 15 ml polypropylene tubes 151 

and into a sterilization pouch. Pouches were sent for gamma irradiation, followed by endotoxin 152 

and sterility testing, before they were stored in the operating room pharmacy for off-the-shelf use.  153 

 154 

 155 

 156 

 157 

 158 

 159 

 160 



Intraoperative IMD insertion 161 

 162 

Extended data Figure 1: Surgical phases of IMD insertion/retrieval. a: Lesion biopsy (black 163 

arrowhead). b and c: serial implantation of two IMDs (black arrow), and localization of “tails” 164 

(white asterisks). d: Resection of the tumor region away from IMDs. e: Removal of the part of 165 

tumor containing the IMDs. f: Flash-freezing of specimen on dry ice. The dotted blue line in panel 166 

a represents the superficial projection of the tumor on the brain cortex. 167 

 168 

For every patient, surgery proceeded as per standard neurosurgical practice. All surgeries were 169 

performed by the first author (PP), for the benefit of procedural consistency. After exposure of the 170 

brain surface and localization of the lesion, either by direct visualization or through image-guided 171 

means (neuronavigation or ultrasound), an intraoperative biopsy was obtained (Extended data 172 

Figure 1a), as confirmation of the nature of the lesion via frozen histopathology analysis was 173 

required before proceeding with IMD implantation. Up to two IMDs per patient were implanted, 174 

by holding the IMD with fine tweezers, in a peripheric region of the tumor, so that resection of the 175 

rest of the tumor could proceed while the IMD remained indwelled within the tissue (Extended 176 

data Figure 1b). The IMD were inserted into tissue for their entire length, so that their terminal 177 

bevel was anchored just underneath the pia mater, increasing their stability.  The nitinol tail 178 
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remained visible during the entire time (Extended data Figure 1c-f), to minimize unvoluntary 179 

displacement of the IMD and to facilitate its retrieval.  180 

 181 

IMD retrieval 182 

At the end of resection, the small part of tumor containing the IMD was removed under operating 183 

microscope visualization, assuring that at least l cm of untouched tissue around the IMD was 184 

recovered.  Immediately upon removal, the specimen was placed in liquid nitrogen or dry ice and 185 

transported to the lab for downstream analysis (Extended data Figure 1e, f).  186 

 187 

Specimen analysis  188 

For every patient, a fragment of tumor was sent to the pathology laboratory for standard diagnostic 189 

immunohistochemistry, MGMT promoter methylation analysis, and genetic profiling by next 190 

generation sequencing analysis. The remainder of the tissue was used for additional exploratory 191 

correlative studies.  192 

The tumor specimen containing the IMD was snap-frozen immediately upon surgical resection. 193 

The tumor-device specimen was sectioned on a standard cryotome, and several serial tissue 194 

sections of 8um thickness were collected at each drug reservoir level of the IMD, as previously 195 

described27.  Imaging of drug autofluorescence and quantitation was performed as previously 196 

described28. 197 

These sections then underwent immunofluorescence (IF) staining for antibodies against pH2AX, 198 

cleaved caspase 3 (CC3) and other markers (Cell Signaling) on a Leica Bond Autostainer. A 199 

detailed description of the quantitative pipeline used for automated scoring of IF marker expression 200 

was previously described28. In brief, a concentric segment of the tumor/device cross-section 201 

corresponding to the region of drug distribution is selected for each drug reservoir, with 202 



dimensions of 400 x 800um. Within this region of interest, the total number of cells which stain 203 

positive for a given marker (e.g. pH2AX) are counted using automated counting by CellProfiler, 204 

and the value is divided by the total number of cells in this region as determined by Dapi staining.  205 

 206 

Statistical analysis 207 

This study had two co-primary endpoints, safety and feasibility.  Both  were powered using a 208 

beta-binomial distribution. For safety, we assumed a dose limiting toxicity (DLT) rate = 5%.  For 209 

feasibility we assumed a device failure rate  = 5%.  210 

IMD safety was measured at the patient level and monitored through incidence of adverse 211 

events. The  limiting toxicities were defined as either a grade 3 or higher adverse event 212 

associated with the IMD, or situations where the IMD becomes lost or unretrievable. The device 213 

would be considered unsafe if  ≥ 3  limiting toxicities were observed  in the first 6 patients, or ≥4  214 

in a total of 12 patients.  215 

IMD futility was measured at the device level, defined as the successful extraction of the 216 

implanted device containing viable tissue for histopathologic analysis. We considered the 217 

procedure successful if the estimate for retrievable success rate had a lower bound that exceeded 218 

50%.   219 

The summary statistic for safety and futility were estimated as 90% binomial confidence 220 

intervals (CI). Continuous measures were  reported as means with standard deviation, while 221 

categorical measures as counts and percentages. 222 

All laboratory experiments and data analysis were performed at least in triplicates (except for 223 

patient 4, the only instance where only one IMD could be used), reporting both mean and 224 

standard deviation for each data set. The  data points were plotted and analyzed using GraphPad 225 

Prism version 9.0.    226 



Results 227 

Patient Characteristics  228 

A total of 6 patients were enrolled in this study between April 2020 and August 2021. There was 229 

an equal frequency of female and male individuals (50% each). Median age was 76 years old, with 230 

a range between 27 and 86. Five patients  were diagnosed with glioblastoma, while the remaining 231 

patient had grade 4 astrocytoma (due to the presence of IDH1 mutation), according to the most 232 

recent WHO classification3. Five out of 6 (83%) were newly diagnosed tumors, and  naïve to prior 233 

chemoradiation, while the remaining patient had  tumor recurrence after radiation and 234 

temozolomide, followed by lomustine at the time of the first recurrence, and before trial 235 

enrollment. Tumor size averaged 81 cc (measured by the ellipsoid formula ½ x Length x Width x 236 

Depth), with a range between 26.8 and 129 cc. Five out of 6 tumors (83%) had wild type IDH1 237 

gene, while one had the R132H mutation. Three tumors (50%) were partially methylated in the 238 

MGMT promoter, two (33%) were non-methylated and one (16%) was methylated. Four out of 6 239 

patients (66%) underwent craniotomy under general anesthesia, while two (34%) were operated 240 

under conscious sedation (i.e. “awake surgery”) due to tumor involvement of eloquent regions 241 

(Extended data Table 1). 242 

 243 

 244 

 245 

 246 

 247 

 248 

 249 

 250 



 251 

Extended data Table 1: Patient characteristics.  HGG: High grade glioma; GBM: glioblastoma; 252 

WT: wild type, GTR: gross total resection; STR: Subtotal resection; Mut: mutated.  253 

 254 

Primary endpoint 1: Safety 255 

Postoperative follow up for each patient was performed daily for the first 3 days after 256 

surgery, then at 12 ± 2 days and finally at 30 ± 4 days.  There were no immediate (<48 hours after 257 

surgery), nor delayed (<30 days) adverse events (AEs). Twelve out of 12 inserted IMD (100%; 258 

90% CI (61%-100%)) were successfully retrieved and none was lost or abandoned in the patient. 259 

All postoperative bloodwork, obtained on postoperative days 1 and 2, remained stable compared 260 

to preoperative values.  Postoperative brain MRI with and without IV gadolinium was obtained 261 

within 48 hours after surgery: Gross Total Resection (GTR), i.e. the removal of all contrast 262 

enhancing tissue  was achieved in 5 out of 6 (83%) patients, while Subtotal Resection (STR) 263 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      Patient 1 2 3 4 5 6 
       

       

CLINICAL FEATURES       

Age 86 72 72 80 27 81 

       
Gender M F F M M F 

       
KPS at diagnosis 70 70 70 80 100 70 

       
Histology GBM GBM GBM GBM HGG GBM 

       
Tumor Size (cc) 116 46 123 51 27 129 

       
Surgery asleep awake asleep asleep asleep awake 

       
Resection GT GT ST GT GT GT 

       
Prior Treatment none none none none RT/TMZ none 

 

 

 

      

MOLECULAR FEATURES 
      

IDH1 WT WT WT WT R132H WT 

 
      

MGMT Promoter Methylation 
partial partial partial No Yes No 

       
EGFR gain gain gain gain gain gain 

       
CDK6 gain gain gain gain gain gain 

       
PTEN loss loss loss loss loss loss 

       
p53 Mut WT loss WT loss loss 

       



(residual contrast enhancing nodule ≤ 5 cc29)  was obtained in the remaining patient (Extended 264 

data Table 1). 265 

 266 

Primary Endpoint 2: Feasibility and integration with neurosurgical practice 267 

 268 

Eleven out of 12 (92%; 90% CI (66%-100%)) total implanted IMD provided specimens which 269 

could be successfully processed for the downstream molecular analysis. The only exception was 270 

due to inadvertent microdevice dislodgement of one IMD during tumor resection in patient 4.  Each 271 

specimen was successfully aliquoted into multiple samples which allowed different molecular 272 

analysis protocols (i.e. multiplexed immuno-histochemistry, transcriptional analysis, and Mass 273 

spectrometry analysis) to be carried out simultaneously from the same tissue. Microdevices 274 

remained indwelled in situ into living tumor tissue for an average of 136 minutes during tumor 275 

resection (range 122-155 minutes, SD 11 minutes). The time between specimen removal and 276 

freezing was < 1 minute in all cases (Table 1). 277 

 278 

Table 1: Trial results: primary endpoints.  CI= confidence interval; SD= standard deviation 279 

 280 

The use of microdevices had a very low footprint on the surgery performance and in all other 281 

aspects of clinical care: In comparison to a control cohort of nine patients with gliomas who 282 

underwent surgery by the same operator (PP) during the same timeframe of this trial,  but who 283 

Patient 
# Inserted 
devices 

# Retrieved 
devices 

% Retrieved 
devices 

Exposure 
(minutes) 

Usable 
specimens 

% Usable 
specimens 

Complications 
Early (<48 hours)              Late (<30 days) 

         

1 2 2 100 155 2/2 100 0 0 

2 2 2 100 129 2/2 100 0 0 

3 2 2 100 135 2/2 100 0 0 

4 2 2 100 139 1/2 50 0 0 

5 2 2 100 122 2/2 100 0 0 

6 2 2 100 134 2/2 100 0 0 

         

Mean   100% 136 11/12 92% 0 

90% CI   (61% − 100%) (124 – 147)  (66% − 100%) (0% − 39%) 

SD    11     

    



were not included in the trial (due to participation in other trials, inability to consent,  or not 284 

meeting inclusion criteria), the application of IMD did not result in significant changes in the 285 

surgical procedure and its aftermath: length of surgery (skin incision to skin closure) was slightly 286 

increased in the trial patients (300 minutes Vs 230 minutes), due to the need to wait for 287 

intraoperative biopsy results before proceeding with IMD implantation. However the differences 288 

were not statistically significant. Length of postoperative Intensive Care Unit (ICU) stay or total 289 

hospital stay were not different (Extended data  Figure 2). Also, surgical costs did not increase in 290 

patients receiving the microdevices. Only a 15% increase in Pathology Lab costs ($14,000-MD vs 291 

$12,000-standard surgery) was detected in trial patients, but the difference was not significant.  292 

 293 

Extended data  Figure 2: Effects of IMD integration in surgical care of patients with HGG. 294 

Comparison of common healthcare metrics between the group of patients receiving IMD 295 

implantation (red, n=6) and a cohort of patients receiving standard surgery for HGG operated 296 

during the same period of time (grey, n=9).  Reported are mean and standard deviation for each 297 

group. Pairwise comparisons use unpaired t-test, with two-tailed p-values shown per each 298 

comparison.  299 

 300 

 301 

Measurement of localized intratumor drug release 302 

Each of the pharmaceutical agents loaded into the IMD reservoirs is released upon implantation 303 

into a confined region of the tumor directly adjacent to its reservoir. The local concentration is 304 

determined by the ratio of drug versus PEG polymer in the formulation, and the release kinetics 305 

and diffusion distance are controlled by the molecular weight of the polymer being used. We 306 

demonstrate uniformity of release and tissue transport for two agents with opposite solubility 307 
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properties: doxorubicin which is water-soluble, and lapatinib which is insoluble. These drugs were 308 

chosen because they are readily detected and quantitated by autofluorescence. Figure 2a,c 309 

describes the release profile for each agent. We observe a distance-dependent concentration 310 

gradient where higher concentrations are present at the device-tissue interface, and decrease 311 

gradually with increasing radial distance from the reservoir. The presence of drug in the tissue at 312 

the correct reservoir site also confirms that the IMD did not move during the implantation time in 313 

the tumor or during excision and processing. Figure 2b,d describe the maximum and average 314 

intratumor drug concentrations over the region of drug release. We observe only moderate 315 

variability in the diffusion curves of <20% from the mean in the maximum exposure 316 

concentrations, and <15% in the average drug exposure, across all six patients.  317 

Figure 2.  Drug release profiles from each patient for Doxorubicin (a) and Lapatinib (c). Inset 318 

shows typical 2-dimensional spatial profile of drug distribution. Inset scale bar is 200µm. The 319 

variation in maximum and average dose for each drug between patients is shown in (b,d).  Error 320 

bars represent standard deviation.  321 

 322 

Measurement of tumor drug sensitivity and identification of response biomarkers 323 
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In each patient sample, we determined the tumor sensitivity to drugs by measuring the expression 324 

of cleaved-caspase-3 (CC3), a marker for apoptosis, and p-H2AX, a marker for DNA damage, in 325 

each drug exposed tumor section. Our first analysis focused on the tumor sensitivity to 326 

temozolomide (TMZ), as this is the most widely used agent in this patient population and offered 327 

the opportunity to compare the IMD readout with clinic-radiological response to the drug. TMZ is 328 

a DNA alkylating agent which causes apoptosis by inducing DNA damage30. Thus, DNA damage, 329 

measured by p-H2AX, is an early marker of drug effect for agents such as TMZ31. Figure 3a shows 330 

the level of p-H2AX and cleaved caspase 3 (CC3) induced by TMZ in each patient tumor across 331 

multiple spatially distant tumor regions from different microdevice reservoirs implanted in the 332 

same patient. 333 

 334 

Figure 3.  Differential tumor response to temozolomide.  a: Quantification of IHC stains for 335 

pH2AX and CC3 in IMD tissue from each numbered patient. Each point represents a 336 

measurement from a distinct tumor region comprising 800µm x 400µm exposed to drug. Bars 337 

display mean and standard deviation. Pairwise comparisons use unpaired t-test, with two-tailed 338 

p-values shown in parentheses. b:  Distance and concentration dependent analysis of pH2AX and 339 

CC3 stains across the six patients. Graphs are shown as mean (black) and standard deviation 340 

(grey) where available.   341 
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The highest level of DNA damage was observed in Patient 3 (65.8% of cells in drug exposed 344 

region), and the lowest levels in Patients 5 and 6 (9.8% and 17.7%, respectively), with the 345 

corresponding differences between Patient 3 versus Patients 5 and 6 being highly statistically 346 

significant.  347 

 Representative IHC images which show the spatial relationship between IMD, the tumor tissue, 348 

and biomarkers  are presented  in Extended data Figure 3. 349 

 350 

Extended data Figure 3: Fluorescence microscopy of cross-sectional slices of tumor specimen 351 

sectioned at the level of the temozolomide reservoir outlet (gray box in pictures), for patient 3, 5, 352 

and 6. Each biomarker is stained with corresponding fluorophores for p-H2AX, CC3, and Dapi for 353 

nuclear staining. Scale bar is equal to 100 µm. 354 

 355 

Apoptosis induction as measured by CC3 expression was generally low (<5%), except in Patient 356 

3 where it was expressed in 13.1% of cells. This represents a statistically significant difference 357 

between CC3 response to TMZ in Patient 3 versus Patients 5 and 6 (Figure 3a).  Since the time 358 

of drug exposure was relatively short, CC3, a marker of apoptosis,  was not expected to be highly 359 

expressed yet in the samples32.  360 

 361 

Determination of concentration dependence of anti-tumor effect for temozolomide: 362 

We exploited the distance-dependent concentration gradient of drugs eluting from the IMD (shown 363 

in Figure 2) to determine the dose dependence of the anti-tumor effect for TMZ (Figure 3b). We 364 

Patient 3 - Temozolomide Patient 5 - Temozolomide Patient 6 - Temozolomide

DAPI ph-H2AX CC3 Approximate region of drug distribution (see Fig. 2)

IMD IMD IMD



generally observe high DNA damage scores at the immediate vicinity to the drug reservoir which 365 

corresponds to the highest concentration, and sharply declining sensitivity at lower doses. Patient 366 

3 exhibits the highest IMD response across the entire concentration range, and maintains >40% of 367 

cells with confirmed pH2AX down to 0.1µM.  Patient 5 shows the lowest response across all TMZ 368 

concentrations (<10%).  369 

Intratumor TMZ dose from systemic administration was not measured, and there is still generally 370 

a lack of available data on intratumor drug levels for most agents. As more such data are obtained, 371 

the measurements of dose-dependent effect provided by the IMD may provide insight into 372 

minimum required intratumor concentrations to obtain threshold levels of DNA damage or 373 

apoptosis that need to be reached for durable effects, which may in turn inform systemic dosing 374 

regimens. Such thresholds for localized drug efficacy will be defined in subsequent larger studies.  375 

 376 

Correlation between microdose intratumor drug responses, and clinical responses to systemic 377 

treatment 378 

Temozolomide (TMZ) is the most widely used drug in GBM, and the only drug with which some 379 

patients in our trial were treated systemically, as part of the standard of care.  Thus, although our 380 

trial was not designed to choose chemotherapy agents based on IMD data, we still could compare 381 

the observed clinical/radiological response to systemic TMZ with the patient-specific response to 382 

TMZ in the IMD-exposed tissue.  Patient 1, 2 (partial MGMT methylation) and 4,6 (no MGMT 383 

methylation) all showed none to minimal response to TMZ in the IMD, as measured by p-H2AX 384 

expression in the drug-treated region.  Of these, only patient 6 received adjuvant TMZ, with no 385 

observed benefit, in keeping with the poor tissue response observed in the IMD analysis (Figure 386 

3a).  None of the other three patients received adjuvant TMZ, and therefore no direct connection 387 

could be established between IMD readout and clinical response.  388 



On the contrary, patient 3, a 72 year old female with partially methylated MGMT promoter, IDH1-389 

wt GBM and whose IMD analysis predicted significant response to TMZ, had an overall survival 390 

of  more than 18 months after receiving systemic TMZ (Figure 4), and despite being the only 391 

patient of the cohort not to have gross total resection, in itself a poor prognostic factor33. At the 392 

present time, this patient remains alive and clinically stable.  In this specific case, the patient’s 393 

MGMT promoter methylation status, assessed with the gold standard bisulfite sequencing 394 

analysis34, would not have predicted the significant clinical response that was observed, while the 395 

IMD correctly predicted the response. Conversely, patient 6, an 81 year old female with NON-396 

methylated MGMT promoter, IDH1-wt GBM and whose IMD analysis predicted no response to 397 

TMZ, experienced clinical and radiological evidence of tumor progression 6 months after 398 

treatment and proceeded to palliative Avastin. This, despite gross total tumor resection and 399 

receiving the same adjuvant treatment as patient 3. 400 

Patient 5, a 27 year old male with recurrent GBM, methylated MGMT promoter and mutated IDH1 401 

underwent surgery after previous failure of TMZ and confirmed radiological progression while on 402 

lomustine. In this patient, IMD analysis showed no effect to those two drugs, confirming the lack 403 

of efficacy which was already observed clinically and radiologically, despite the favorable MGMT 404 

promoter status (Figure 4). 405 



 406 

Figure 4: Clinical-molecular correlates.  a: time-course MRIs of three representative patients 407 

who received systemic therapy after surgery and IMD analysis. b:  Quantification of specific in-408 

situ response to TMZ (by pH2AX immunostaining) for each patient in the study as determined 409 

by IMD analysis. Each point represents a measurement from a distinct tumor region comprising 410 

800µm x 400µm exposed to drug. Bars display mean and standard deviation. Pairwise 411 

comparisons use unpaired t-test, with two-tailed p-values shown in parentheses c: Survival data 412 

for each patient in the study, including type and timing of adjuvant therapy administered. 413 

Specific patients are color-coded to show correlation among radiologic data, IMD response and 414 

tumor response.   415 

 416 

Measurement of drug sensitivity for other agents to generate treatment hypotheses 417 

We investigated the sensitivity of each tumor to other commonly used agents in GBM which were 418 

present in the IMD but were not administered systemically to any patients in the trial. For each 419 

drug, the relative sensitivity of each patient is shown in Figure 5. Interestingly, we observed that 420 

Patient 5 (the only recurrent tumor) was generally resistant to all tested drugs, possibly confirming 421 

the mounting evidence that recurrent GBM is generally less responsive to any interventions35. 422 

Also,  patient 6 (non-methylated tumor) appeared to be potentially sensitive to several other drugs, 423 

a finding which, if confirmed, could support the  strategy to use alternative drugs as a first line 424 

treatment for these particularly difficult to treat patients.  425 
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 426 

Figure 5: Personalized tumor responses to different drugs. Comparison of tumor response to 427 

several agents by DNA damage (pH2AX). Values are expressed as a normalized marker index for 428 

all cells in drug-exposed tumor regions. Mean and standard error are shown. Patient 5 (cyan) and 429 

Patient 6 (magenta) are highlighted, and pairwise comparisons are made between them using 430 

unpaired t-tests with two-tailed p-values.   431 

 432 

 433 

 434 

Discussion 435 

Obtaining phenotypic information on tumor responses to drugs to enable precision medicine 436 

remains an unmet need in the treatment of gliomas. With this first-in-human pilot trial, we provide 437 

evidence of safety and feasibility for the use of intratumoral, drug-releasing microdevices as a 438 

novel approach to characterize and compare the efficacy of different pharmacologic therapies in 439 

patients with gliomas, in a personalized manner. 440 

The main goals of this study were to demonstrate that microdevices can be easily incorporated into 441 

standard neurosurgical practice, with minimal impact to the operative protocols, no significant 442 

burden on healthcare costs, and no evidence of adverse effects, while providing valuable biological 443 

data which can be integrated with, and potentially be superior to other currently used biomarkers. 444 

The amount of information obtained with this approach, which directly integrates surgery with 445 

bioengineering, pharmacology and cancer genetics, provides a solid argument for a revisitation of 446 
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surgical practice for glioma patients, where such in-situ investigational devices could become the 447 

norm in the future. 448 

One potentially limiting aspect of this study is the relatively short indwelling time of the 449 

microdevices which was dictated by the need to minimize changes to the current standard of patient 450 

care (hereby the decision to not submit patients to an additional  invasive IMD implantation 451 

procedure several days before surgery). During the available ~2.3h incubation period, we 452 

demonstrate the detection of early markers of drug effects by inducing cellular stress response in 453 

a drug and concentration dependent manner. We observe robust activation of early markers of 454 

DNA damage (phosphorylation of Histone Gamma), and low to moderate activation of molecular 455 

cascades which lead to cell death (cleaved caspase 3). Importantly, we find that the level of pH2AX 456 

expression in response to temozolomide treatment is congruent with molecular characterization of 457 

the patient’s tumor, and directly predicts the clinical responses observed across each of  the patients 458 

which received systemic TMZ treatment. This is particularly striking in the case of patients 3 and 459 

5, where MGMT promoter methylation status by itself was not predictive of clinical response, 460 

which was correctly identified by the IMD measurement.  461 

Larger clinical studies will be needed to confirm the predictive capability of the IMD to identify 462 

systemic responders, and to quantitatively define exact thresholds of IMD response correlating 463 

with favorable clinical outcome. We have focused the current study on agents that are routinely 464 

used in GBM. For agents that do not penetrate the Blood Brain Barrier,  IMD readouts of 465 

intratumor effect may help determine minimum effective intratumor concentrations required, and 466 

this could guide the decision to implement different delivery techniques, such as convection-467 

enhanced or nanoparticle mediated delivery, to achieve sufficient intratumor drug levels. 468 



While the current study focused on rapidly acting cytotoxic and targeted agents, the length of 469 

exposure is likely not enough to detect changes in adaptive immune response, which have been 470 

shown to occur over the course of two days or longer36. 471 

Supported by the evidence of safety and non-futility provided with this first study iteration, a 472 

follow up clinical trial evaluating safety and feasibility of a two-staged procedure (insertion by a 473 

minimally invasive procedure, and retrieval 72 hours later by craniotomy) is currently underway.  474 

This will provide data to compare biological readouts between short and long exposures, and 475 

define whether a two-surgery approach is necessary to maximize data,  or if the predictive values 476 

obtained with a single surgery and shorter exposure is sufficient to reliably inform therapy.  477 

In addition to providing the ability to directly test a range of drugs in a patient, the use of IMDs in 478 

gliomas offer significant opportunities to answer questions which so far have been elusive: Firstly, 479 

this strategy allows to safely test the efficacy of drug combinations, which are commonly used in 480 

other cancers37, but only rarely in glioblastomas, despite significant preclinical evidence that 481 

different drugs acting synergistically against redundant oncogenes are more potent than single 482 

drugs38,39.  483 

Secondly, the analysis of microdevice-exposed specimens allows a realistic vantage point into the 484 

tumor microenvironment, and particularly how drugs also affect non neoplastic cells (like immune 485 

cells, astrocytes and neurons). For example, it is still not clear how drugs modulate the anti-tumor 486 

immune response: chemotherapy is generally believed to be immunosuppressive40. However, 487 

while some have confirmed a detrimental effect of TMZ against T and B cells in mouse models of 488 

GBM, with resultant further impairment of an already weak antitumor response41, others have 489 

shown that TMZ might preferentially deplete immune-suppressive CD4 regulatory T cells (Tregs) 490 

42,43.  In theory, any drugs might display unexpected effects against non-tumor cells,  which, in 491 

turn, can impact clinical outcomes. 492 



IMDs also can address the unanswered question of how glioma cell heterogeneity influences 493 

response to each drug, characterizing how different tumor subtypes respond differently to the same 494 

drug, and how tumor heterogeneity can lead to recurrence.  495 

Finally, by providing a measurable drug gradient within the specimen, which is easily achievable 496 

through detection by autofluorescence (Figure 2),  or using MALDI mass spectrometry44, the 497 

analysis of microdevice specimens allows quantification of tissue concentrations at which each 498 

drug is biologically effective against the tumor.  499 

In conclusion, the direct use of IMDs in patients with gliomas represents a novel, feasible and 500 

promising approach that addresses the  need to maximize efficacy of multiple pharmacotherapies, 501 

as well to understand their mechanisms of action in the most representative and predictive model. 502 
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