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Biorepositories are collections of surgically obtained human tissues for current and future
investigations of disease mechanisms, therapeutics, and diagnostics. In ophthalmology, a crit-
ical challenge is how to interface the operating room with the laboratory. To attain standards
required for basic research, clinical and research teams must cooperate to collect, annotate, and
store specimens that yield consistent results required for advanced molecular techniques. We
developed an efficient platform for obtaining vitreous and other eye tissues from the operating
room and transferring them to the lab. The platform includes a mobile lab cart for on-site
tissue processing, a multi-user, web-based database for point-of-care phenotypic capture, and
an integrated data tracking system for long-term storage. These biorepository instruments
have proven essential for our studies in ophthalmic disease proteomics. This system can be
implemented in other operating rooms and laboratories for a variety of biological tissues.
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1 Introduction

Human tissue repositories of ophthalmic surgical specimens
are necessary for scientific investigations into disease mech-
anisms [1]. Biorepositories serve individual laboratories or
large, collaborative efforts to study a wide range of biological
traits in a broad spectrum of sample types [2–4]. In order
to take advantage of modern molecular research techniques,
specimens must be collected in a manner amenable to pro-
tein, DNA, RNA, and cellular analyses. This is especially im-
portant for high-throughput or “omics” experiments, where
numerous samples undergo thousands of sensitive, simulta-
neous measurements. It is also important to have collections
of specimens that are phenotypically curated and easy to track.
Reaching these goals promises to provide an invaluable re-
source for current and future scientific research methods.

A major barrier to this type of translational research is the
absence of appropriate infrastructure in the operating room
and laboratory. The operating room is designed to perform
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safe and efficient surgery, not to collect experiment-ready
tissues. The clinical pathology lab interfaces with the oper-
ating room, but tissue preservation is largely limited to for-
malin, which is suboptimal for many scientific methods. The
collection of frozen tissues for the clinical pathology lab is
labor intensive and costly, but justified where the primary
focus is on clinical diagnostics. For a research focus, the ideal
situation would be to have the scientific lab adjacent to the
operating room, but this is rarely the case. Instead, research
laboratories are often physically separated from the operat-
ing rooms and employ personnel with different goals and
different work cultures.

A second barrier to translational research is the collec-
tion of adequate phenotypic details. Specimens that reach the
clinical pathology lab have careful tracking systems that link a
specimen to a patient identifier. However, clinical and surgi-
cal phenotypes with details relevant to research investigations
are absent. Phenotypic information can be distributed across
multiple electronic record systems that are not designed for
research or completely inaccessible to the research person-
nel. Much of the associated clinical terminology is recorded
to fit diagnostic billing codes, which can be too general,
misleading, or lacking details necessary for good experimen-
tal design. Thus, the rate-limiting step for medical research
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Figure 1. Variance in vitreous core cytokinomics. (A) Cytokine
profile of vitreous core collected without the MORLI (mobile oper-
ating room lab interface) processing protocol. Fluorescent green
dots depict cytokine protein expression in quadruplicate repeats.
(B) Cytokine profile of vitreous core collected from a patient with
clinically identical disease as shown in (A), however processed
with MORLI system. The relative cytokine expression was much
higher in this sample, indicated by the higher intensity of the
fluorescence on the slide.

breakthroughs may not be the science, but rather the availabil-
ity of high-quality tissue specimens with adequate phenotype
details.

We encountered these issues when we initiated studies
into vitreous proteomics, where it is essential that all samples
incorporated into an experiment are phenotypically compa-
rable and treated exactly the same to minimize the number
of variables [5–7]. To study proliferative vitreoretinopathy, for
example, five patients were prospectively selected since they
shared the exact same disease stage, and phenotypic data was
collected from the paper chart by the surgeon. Vitreous biop-
sies were collected by two different surgeons and applied to
antibody arrays to measure hundreds of cytokines. While the
cytokine expression pattern from four different patient sam-
ples collected by a single surgeon was nearly identical, the
one sample collected from the second surgeon was different
(Fig. 1). It is possible that this was due to patient–patient
variability. However, investigation showed the samples were
handled differently in the operating room. Without standard-
ized procedures, the proteomic composition of the specimen
can change leading to the study of an experimental artifact
rather than the study of a disease mechanism. Sample-to-
sample variation is a common problem when collecting sur-
gical specimens in nonophthalmologic disciplines as well.
Without precise collection methods, proteomic profiles may
be altered [8, 9]. In the case of collecting vitreous, we found
that specimens were contaminated with cells, because there
was no microfuge to spin down the samples. When collecting
membranes (scar tissues), several samples were lost during
routine handling because these small, delicate, transparent
tissues could not be processed on site.

1.1 Biorepository logistics

The collection of surgical specimens for laboratory pro-
teomics is complex. Our goal was to optimize and standardize
procedures starting in the operating room [10]. At the same
time, we needed an informatics platform accessible to
clinical and lab personnel that would track the specimens
and capture phenotypic details. As in other bioreposito-
ries, there were additional obstacles to overcome, such as
regulatory boundaries, costs, personnel training, sample
security, and preparation for unknown future experimental
techniques [10–14]. To accomplish these goals, we created
a biorepository and relational database for vitreous sam-
ples as well as other eye tissues. We collected samples
from both surgical and postmortem human eyes for
proteomics, cell biology, and bioinformatics experiments.
There are a number of steps involved in managing the
tissue specimen before any proteomics experiment. A flow
diagram outlines these steps and their relationships (Fig. 2).
Below we describe how our laboratory implemented our
biorepository.

2 Regulation of patient-associated data

Before a sample can be collected for a biorepository, approval
by the local Institutional Review Board for Human Subjects
Research is required. The design of biorepositories typically
focuses on providing tissue samples without personal iden-
tifiers so that anonymous samples can be broadly shared.
Special software has even been developed to remove per-
sonal identifiers from medical records. Approval for use of
anonymous tissue samples is relatively simple, but there are
important limitations to this approach. First, from a practical
standpoint, it is difficult to collect sufficiently detailed patient
histories and phenotypic features in exam rooms and surgical
operating rooms due to the premium placed on high patient
volume and limited encounter times. Second, researchers
cannot retrospectively data mine patient charts for relevant
systemic conditions. This may be especially important as new
hypotheses are formed and additional clinical data is required
to select comparable specimens. Third, anonymization pre-
vents the collection of prospective clinical data that can
include critical clinical outcomes not observed until years
after the specimen was collected.

For these reasons, we developed patient consents and pro-
tection measures that allow us to collect and maintain tissue
samples linked to patient identifiers. The consent includes
permission to mine data from clinic charts in the future.
Samples analyzed by researchers outside the university are
not given direct access to patient data but are required to col-
laborate with local researchers that can access clinical data
relevant to the study. A study coordinator explains this to
subjects using a detailed consent form during the preopera-
tive evaluation.
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Figure 2. Biorepository flow diagram. Process of sample acquisition to sample analysis in detail. All steps are outlined 1–5, including
sample regulation, acquisition, storage, retrieval, and experimentation. The involved personnel, location, protocol details, and associated
bioinformatics processing are specified for each step.
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3 Acquisition of surgical specimens

In the operating room, the personnel required for specimen
acquisition include the surgeon, operating room staff, and lab
technician. Standardization and optimization of specimen
collection is a first step for downstream molecular studies.
Equally important are well-annotated phenotypes associated
with the samples. We found on-site processing within the
operating room helped to maintain specimen integrity, since
it was not possible to immediately or easily transfer speci-
mens to the lab during or between cases. Capturing point-of-
care phenotypic data in the operating room just after surgery
was the most efficient method of recording this information,
while it was fresh in the surgeon’s mind. To achieve this,
we developed a mobile laboratory bench and remote access
database. Samples collected from outside laboratories and
surgeons required local IRB approval, informed consent, and
then were collected, shipped, logged, and tracked as outlined
below.

3.1 Mobile operating room lab interface (MORLI)

It is straightforward to determine the sample processing
method for current scientific protocols, but it is impossible
to know which protocols will be used in the future. Our
studies with eye tissues showed that immediate freezing to
−20 or −80!C was the optimum and most versatile preserva-

tion method for downstream analysis of proteins, RNA, and
DNA. Delayed freezing can otherwise result in degradation
of these key molecules. In most surgical specimen collect-
ing schemes, there is a delay in sample processing since the
specimen needs to be carried from the operating room to the
laboratory. In order to immediately process specimens in
the operating room, a mobile cart containing all the elements
of a laboratory bench was designed to simulate a laboratory
bench with all the required instruments and devices.

MORLI has three main components: a frame, computer,
and lab supplies (Table 1). The frame is a medium-sized cart
on wheels with a flat lab bench surface (Fig. 3). There are
three color-coded drawers to hold lab supplies that include
pipettors, disposable pipette tips, 1.5 mL centrifuge tubes, a
centrifuge, a small liquid nitrogen dewer or other cryofreezer,
and a binocular dissecting microscope (Fig. 4). It carries a
sliding shelf for a keyboard, mouse, and Mac-mini with secure
wireless access to a server database (Fig. 4B). The computer
connects to a mounted barcode scanner.

For tissue or cellular studies, the portable lab microscope
allows a surgeon to further dissect the specimen away from
the surgical field (Fig. 4F). Tissue can be oriented and pro-
cessed for downstream molecular studies. Specimens can
also be placed directly into culture dishes. For a liquid vitre-
ous sample, we collect specimens using a cutter and manual
aspiration into a three cc syringe. This is passed to the scrub
nurse and then to the circulating nurse or lab technician. The
sample is immediately transferred into a sterile microfuge

Figure 3. The mobile operating room
lab interface (MORLI) unit provides
the necessities for sample processing
in the operating room. These items
include a Macintosh mini computer
equipped with a scanner for read-
ing tube barcodes as well as the
patient chart barcodes. It is also
equipped with sterile pipette tips,
pipetors, extra tubes, and a centrifuge
for eliminating cellular debris from the
samples immediately after they are
extracted.
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Figure 4. On-site specimen processing. Schematic representa-
tion of sample processing with MORLI equipment. (A) MORLI
overview showing cart organization. (B) Computer working sta-
tion including keyboard, iMac mini, and mouse. (C) Drawer for the
storage of pipettes, tips, and tubes of various sizes for different
applications. (D) Microscope storage drawer. (E) Benchtop work-
ing station for the processing of samples. Also serves as stor-
age space for computer barcode scanner and mini centrifuge.
(F) Microscope for the processing of small samples, for exam-
ple, epiretinal membrane tissues. (G) After a sample has been
collected, it is centrifuged and then transferred to microfuge tube
imprinted with a barcode. (H) Next the sample barcode is scanned
into the database using the scanner on the bench-top. (I) 2D bar-
code on bottom of tube. (J) The sample is flash frozen in liquid
nitrogen and transported to the laboratory in a biohazard cooler.

tube and spun down in the micro-centrifuge to eliminate cel-
lular debris. Specifics about equipment on MORLI are listed
in Table 1. MORLI components can be changed to fit the
needs of any surgical sample collection. For example, surgi-
cal tissues can be placed into RNA preservative solution for
RNA-sequencing studies, specific buffers for enzymatic as-

Table 1. Mobile operating room laboratory bench parts

Category Parts

Cart Herman Miller Medical Cart 20- × 36-inch,
raised edge top; keyboard, 3-, 6-, 9-inch
drawers; power strip; flip-up shelf

Microscopy
supplies

Zeiss Stereo Microscope; surgical
instruments (micro forceps, backflush
brush), Nunc Lab-Tek culture slides,
Whatman filter paper

Biochemistry
hardware

Microcentrifuge; microfuge tubes; ranin
pipettors; dry ice containers, liquid
nitrogen dewer (Nalgene, Rochester,
NY, USA)

Biological
reagents

Dry-ice bath, cell culture media; 50 cc
vials of fixatives

says, or embedding cassettes to accommodate larger surgical
tissues.

3.2 Database design

A database was created using MySQL, HTML, PHP, and ph-
pMyAdmin software. The site was then deployed using web-
based Wordpress modules on a secure internal website. There
was an open-source relational management system. The re-
lational database was designed to hold phenotypic data and
formatted to allow data export to bioinformatics software to
identify relationships with proteomic data. A key feature was
accessibility to the identical database by lab personnel and op-
erating room personnel at different times and locations. The
user interface for each group was modified to accommodate
their specific tasks.

3.3 Specimen tracking system

An electronic database (laboratory information management
system) is an efficient instrument for logging sample infor-
mation and retrieving samples quickly [15]. It is also essential
to track samples that have been used and no longer exist. For
specimen tracking, we use an alphanumeric bar-coding sys-
tem where 2D DataMatrix barcodes are permanently etched
onto cryovials. This eliminates the need for patient identi-
fiers on the tube and the possibility of losing a label while in
extended cold storage, which can be problematic in labeling
systems [16]. The clarified vitreous is transferred to a new
1.5 mL cryovial (Fig. 4G). A scanner is used to capture and
log the tiny unique barcode on the cryovial into the database
on the MORLI computer (Fig. 4H and I). The sample is
frozen in liquid nitrogen and placed into a transport cooler
(Fig. 4J).

While in the operating room, patient information on
the specimen is entered into the database. The user inter-
face is designed for efficient entry of patient demographics,
phenotype data, and sample features in a format famil-
iar to surgeons and clinical personnel (Fig. 5). The fields
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Figure 5. Specimen submission page. Screenshot of the spec-
imen submission form. This form can be accessed remotely
through the webpage anywhere in the world so samples can be
entered into the system as soon as they are collected. Fields to be
filled out at the time of entry include information about the person
collecting the sample, information about the patient and proce-
dure, as well as the information about the sample type. Tracking
information including the patient hospital number and the sam-
ple barcode are recorded at this time to ensure the sample is not
lost after it leaves the operating room.

include name, medical record number, age, sex, diagnosis,
preoperative history, and the operating procedure. When
surgery has concluded, the surgeon enters any unique
features of the surgery that could not be ascertained
preoperatively. The specimen is submitted to the database
and assigned a new laboratory-record tracking number.

Commercially available database software, such as File-
maker Pro (www.filemaker.com) and Microsoft Access
(http://office.microsoft.com/en-us/access/), are alternatives
to the custom software we developed.

4 Storage of surgical specimens

The next challenge was the transfer of the specimen from the
operating room to the laboratory before the specimen thaws.
This was delegated on the day of surgery to clinical or labora-
tory personnel. Upon arrival to the lab, specimens are trans-
ferred to a −80!C freezer for long-term storage. Emergency
sources of electricity or liquid nitrogen are accessible in case
of an emergency power outage. The specimen was identified
by searching the database using its barcode on a computer
adjacent to the storage freezer. The boxes and shelves are or-
ganized by general disease category. Each tube location can
be located by Cartesian coordinates that correspond to the
shelf (a), rack (b), box (c), and location within the box (x, y;
Fig. 6). Lab personnel enter the storage coordinates into the
database. The freezer is connected to an emergency back up
power supply in order to prevent any thawing during a power

Figure 6. Freezer organization. (A) The specimens are stored in
a −80!C freezer containing five separate shelves holding five
disease-specific racks, which are denoted as spatial coordinates a
and b. (B) Each rack contains 20 boxes, organized to hold unique
specimen subsets in coordinate. (C) The specimen boxes hold 48
2D barcoded tubes within a Cartesian coordinate system where
(x , y) is denoted with (A–F, 1–8). The exact spatial location of a
sample within the freezer is tracked in the database according to
shelf number, rack number, box number, and then (A–F, 1–8).
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INDEX. Each Specimen is indexed by its record number, diagnosis, and patient chart number
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Figure 7. Specimen record page. Image of sample record page showing sample information including patient demographics and specific
location in the biorepository. This has a search function on the left side of the page for sample searching by disease, chart number, sample
barcode, or omics ID number. The list reflects the status of the sample, i.e. if the sample is new, has been previously thawed, or if it is
empty/removed. The sample background color indicates one of these three statuses (green for new, yellow for used, and red for empty).
At the top of the page, there is a sample location matrix key, allowing the user to locate the sample before opening the freezer. Details
regarding patient information are also on the page.

outage [17]. Another precaution includes an alert system pro-
grammed into the freezer for notifications of power outages
delivered directly to e-mail or telephone. A similar system
can be created to store any sample type at any temperature by
using barcode stickers on tissue blocks or jars rather than a
tube.

5 Retrieval of surgical specimens

Specimens are often stored for many years before they are
required for experiments. Locating old samples in a freezer
can be one of the most frustrating trials a scientist faces.
The barcoded cryovial and database system makes finding
multiple or rare specimens trivial work. Specimens can be
located using a search engine by record number, diagnosis,
tube barcode, or patient chart number. Each sample has its
own record page in the database, which includes its location
matrix, availability, and patient demographics. The location
matrix information is beneficial as it provides the exact freezer
location of the sample, so it can be retrieved quickly. The

relational aspect of the database allows the specification of
multiple criteria during a search. For example, specimens
from male diabetics with tractional detachments and no prior
laser surgery can be identified. Once samples are consumed,
their availability status is changed on the record page, which
is also visible on the main specimen list by color coding: green
for full samples, yellow for partially used samples, and red for
depleted samples (Fig. 7). In cases where sufficient samples
are not available for experiments, surgeons can be alerted to
collect these.

6 Experiment

After retrieving specimens, scientists in the lab can perform
in-house proteomics experiments or outsource lab studies.
Because the phenotypes are detailed and carefully ascer-
tained, statistically significant data can be obtained with fewer
specimen numbers. These phenotype annotations allow inte-
grative bioinformatic expansion of proteomic data into other
disease database analysis. Careful collection of specimens in
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the operating room also creates the opportunity for the appli-
cation of direct tissue culture, biochemical, and nucleic acid
techniques. Although our main focus was to freeze unfixed
vitreous, we also carried aliquots of 4% paraformaldehyde in
MORLI to fix retinal membranes. Fixed tissues were later
used for standard histology and immunohistochemistry.”

Since adoption of our platform, processing with MORLI
resulted in samples with consistent and robust protein com-
position collected from different surgical teams. Phenotypic
annotation is more complete. Using sample handling and
storage validation assays allow for quick and reliable test-
ing of sample processing [18]. In the case of the vitreous
biorepository, it became clear that protein decomposition can
occur soon after vitreous aspiration, and therefore it was es-
sential to freeze specimens as soon as possible. Performing
these steps on-site and at the point-of-care helped create a
high-quality biorepository.

7 Discussion and conclusions

Proteomics will identify new molecules involved in oph-
thalmic disease that may serve as diagnostic markers or ther-
apeutic targets. In the ophthalmology operating room, we
routinely perform surgery to remove diseased eye tissues and
discard them. These discarded tissues are wasted in terms
of their scientific potential. Although these tissues serve no
diagnostic purpose today, they are extremely valuable for sci-
entific studies that will lead to future diagnostic tests and
novel treatments for blinding disease.

Biorepositories have been developed to provide an orga-
nized means to store biological samples over time so that they
are available for scientific research in the future. There are
several complications encountered in developing a biorepos-
itory that is efficient for sample retention over a period of
time. These include sample collection, processing, and stor-
age. MORLI provides a means to offer surgeons in the oper-
ating room a way to process samples in a consistent manner
that minimizes sample degradation and contamination.

Since the development of MORLI, samples have been pro-
cessed and frozen down within minutes of being collected.
Previously, samples were collected, stored in the operating
room until after the procedure was finished (sometimes on
ice), and then brought to the laboratory. This process could
result in substantial protein degradation. Samples from eyes
with similar diagnoses had very different levels of protein,
quantified by ELISA as described above (Fig. 1). Following
the new protocol using MORLI, two samples with highly cor-
related diagnoses were run on the same ELISA platform and
the concentrations of 200 different proteins for each sample
were compared on a scatter plot. The correlation coefficient
was 0.95 (Fig. 8). This correlation is very high, indicating
the two samples were processed identically and share the
same etiology. With this type of standardization, samples
with different levels of RNA, DNA, or protein expression will

Figure 8. MORLI validation example. Cytokinomics of vitreous
samples collected and stored according to the protocols outlined
in this manuscript. Two samples from patients with epiretinal
membranes were collected and analyzed using multiplex ELISA
cytokine arrays that measure the protein concentrations of over
200 different cytokines. The protein concentrations identified in
the samples were graphed in this scatter plot. The two axes repre-
sent the two different samples. The linear regression correlation
coefficient indicated that the two samples have similar protein
concentrations as expected. If the samples had been collected
from the patients with poor phenotype data or with different pro-
tocols, the correlation would have been less.

indicate different disease mechanisms rather than processing
error.

There are three vital aspects in creating a biorepository to
assure the quality of the samples it contains. First, sample
tracking and storage are just as essential as sample quality
control. The developed database and barcode-based freezer
location matrix make storing and retrieving samples straight-
forward. Second, all surgeons in the operating room have
access to the database on MORLI, so when a sample is col-
lected, its tube and the patient’s chart number are imme-
diately scanned and stored into the system to prevent any
possible identification mix-ups. Third, once placed into the
freezer at the laboratory, the exact location of the tube is
logged into the specimen record page. This eliminates the
problem of searching through many tubes and boxes for a
single sample. These methods of sample collection, process-
ing, and storage allow for a reliable biorepository for current
and future research.

With the establishment of several biorepositories for all
sample types in different locations, scientific researchers will
be able to collaborate in the effort to increase the existing
list of knowledge-sharing databases on the web [19]. The
future of biobanking may include integrated centers, lead-
ing the collaboration of large research projects [20] as
well as accreditation courses to ensure standard operating
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procedures and quality assurance of biorepositories [21]. To
perform large collaborative projects in the future, samples
will need to be collected in a consistent manner as well as
processed and stored properly. By replicating aspects of the
lab in the operating room with MORLI, we have provided a
system for creating an efficient biorepository of human eye
tissue samples, which can be applied to any type of biological
sample collection.
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