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TIE: A Method to Electroporate Long DNA Templates
into Preimplantation Embryos for CRISPR-Cas9
Gene Editing
Hooman Bagheri,1,2 Hana Friedman,1–4 Harry Shao,1 Yumaine Chong,5 Chiu-An Lo,6 Farida Emran,6 Ibrahim Kays,6

Xiang-Jiao Yang,7 Ellis Cooper,5 Brian E. Chen,6 Katherine Siminovitch,8 and Alan Peterson1–4

Abstract
Precise genome editing using CRISPR typically requires delivery of guide RNAs, Cas9 endonuclease, and DNA
repair templates. Both microinjection and electroporation effectively deliver these components into mouse
zygotes provided the DNA template is an oligonucleotide of only a few hundred base pairs. However, electro-
poration completely fails with longer double-stranded DNAs leaving microinjection as the only delivery option.
Here, we overcome this limitation by first injecting all CRISPR components, including long plasmid-sized DNA
templates, into the sub-zona pellucida space. There they are retained, supporting subsequent electroporation.
We show that this simple and well-tolerated method achieves intracellular reagent concentrations sufficient
to effect precise gene edits.

Introduction
Microinjection into the cytoplasm or pronuclei of mam-

malian zygotes is a well-established method for deliver-

ing all components required for CRISPR*-mediated

genome editing.1,2 Recently, zygote transfection by elec-

troporation has gained favor due to technical simplicity,

high throughput, and excellent embryo survival.3–7 How-

ever, successful electroporation of double-stranded DNA

and RNA longer than a few hundred nucleotides has been

reported rarely.8,9

Zygotes and preimplantation embryos are surrounded

by the zona pellucida (ZP), a thick acellular membrane

composed of glycoprotein filaments. The ZP undergoes

marked changes, including hardening following fertil-

ization. Although it contains pores, some of which tra-

verse its entire width, it remains semi-permeable,

blocking passage of molecules based on size, composi-

tion, and configuration.10,11 Notably, viruses do not

cross the ZP but can infect zygotes when injected into

the sub-ZP space.12 Similarly, we show here that phys-

ically circumventing the ZP barrier permits electropora-

tion of long DNA templates.

Electroporation protocols supporting transfection of

CRISPR components and short oligonucleotide templates

through the ZP typically include steps designed to in-

crease ZP permeability.3,4,13,14 Despite consistent success

in delivering oligonucleotides by this method, electropo-

ration of long DNA templates fails (Supplementary

Table S1; Supplementary Data are available online at

www.liebertpub.com/crispr). Moreover, as preimplan-

tation embryos lacking a ZP have greatly diminished

in vivo developmental potential,15,16 removing their ZP is

not an attractive solution. We therefore sought a means of

breaching the ZP while maintaining its function and ex-

plored a two-step strategy in which CRISPR components

are injected into the sub-ZP space prior to electro-

poration. Although attempted earlier for transgenic

mouse production, this approach was only minimally
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effective.17 In contrast, when implemented here for pre-

cise CRISPR editing, it met with success. We refer to this

two-step strategy as TIE, designating Transfection by

Injection and Electroporation.

Materials and Methods
Embryos
Zygotes and embryos were recovered from the reproduc-

tive tracts of CD1 and C57Bl/6 mice (Charles River Lab-

oratories) following timed mating indicated by the

presence of a copulation plug. C57Bl/6 BC5 mice (ap-

proximately 98% C57Bl/6 genotype) originally derived

from chimeras bearing hybrid ES cells also were used.

Zygotes were released from the fallopian tube by punc-

turing the ampulla, while later-stage embryos were ex-

pelled from the fallopian tube by flushing with Embryo

Max M2 media (Millipore) using a syringe fitted with a

short bevel 30G needle. Cumulus cells, when present,

were removed by brief incubation at room temperature

in Embryo Max M2 media with hyaluronidase (Milli-

pore). Following recovery, embryos were transferred in

batches to 60 mm Petri plates containing multiple 25 lL

drops of Embryo Max Advanced KSOM Embryo Medium

(Millipore) covered with 10 mL of mineral oil (M8410;

Sigma–Aldrich). Plates were held in a humidified incubator

at 37�C with 5% CO2 in air overnight prior to introducing

embryos and were maintained under the same conditions.

Sub-ZP injection
Small batches of embryos (typically <10) were transferred

to an 85 lL drop of Opti-MEM 1 Reduced Serum Medium

(Gibco) placed in the center of a 60 mm Petri plate overlaid

with 10 mL of mineral oil. The Petri plate was moved to

the stage of an inverted AXIO Observer A1 microscope

(Zeiss) fitted with TransferMan NK2 micromanipulators

(Eppendorf). Each embryo was picked up by a holding pi-

pette controlled by a CellTram vario micrometer drive

(Eppendorf), raised off the plate surface, and brought to

the center of the field where the ZP was pierced by the in-

jection pipette. Injection was controlled by a PLI-100A

Pico-Liter Injector (Warner Instruments). Applied pressure

and duration of the injection was regulated to achieve a dis-

cernable expansion of the ZP at injection; such parameters

varied considerably, depending upon the size of the pipette

orifice. When all embryos were injected (approximately

1 min per embryo), embryos were transferred, under a

Stemi 2000 dissecting microscope (Zeiss), as a single

row to the centre of a slide-mounted 6 cm long 3.2 mm

gap electroporation chamber (BTX model #453) contain-

ing 700 lL of Opti-MEM at room temperature. In prelim-

inary experiments, electroporation also was achieved using

BTX model 610 cuvettes, as described for zygotes.3 How-

ever, the slide-mounted chamber permits embryos to be

oriented parallel to the electrodes, minimizing cell fusion

and enhancing visualization post electroporation to facili-

tate embryo recovery. Electroporation pulses were deliv-

ered using a GenePulser equipped with X cell, CE, and

PC modules (Bio-Rad Laboratories). Following electro-

poration, embryos were recovered, rinsed in Advanced

KSOM, and transferred to 25 lL drops of Advanced

KSOM under oil for culture. Notably, the voltage delivered

varied somewhat from that set on the electroporator.

Imaging
Red fluorescent protein (RFP) encoded by the pENTR1A

Ubi-mRFP-1 plasmid was detected using an inverted

EVOS FL Auto fluorescence microscope (Life Technol-

ogies). Culture plates were transferred to the stage and

embryo images were obtained at either 20· or 40·
using transmitted and/or phase settings. RFP fluorescence

was detected using the AMEP4655 Ex 585/29: Em 624/

40 filter set. As nonspecific green fluorescent protein

(GFP) fluorescence correlated with weak RFP signals,

it was monitored using the AMEP4651 Ex 470/22: Em

510/42 filter set to confirm the RFP signal source.

Fluorescent signals from the Nanog-mCherry fusion

protein and tagged ribonucleoprotein (RNP) and DNA

were detected using an Axio Imager M1 Zeiss fluores-

cence microscope equipped with a X-cite series 120 Q

light source and AxioCam MRm camera (Zeiss). Embryos

were transferred to a drop of Advanced KSOM on a slide,

cover-slipped, and placed on the stage where images at

20·, 40·, and 63· were obtained with white light and

with filter set 38 Ex 470/40 Em 520/50 for GFP (nonspe-

cific fluorescence) and filter set 20 Ex 546/12 Em 575/

640 for reporter-encoded RFP.

DNA and RNP preparation
Plasmid DNA, pUbi-mRFP-1 (5.1 kb): The human ubiqui-

tin C (Ubc) promoter and the mRFP-1 coding sequence fol-

lowed by the bovine growth hormone (BGH) polyA site

were cloned into pENTR1A (Invitrogen), as described.18

TracrRNA (Alt-R CRISPR-Cas9 tracrRNA, IDT) and

each target-specific crRNA (Alt-R CRISPR-Cas9 crRNA,

IDT) were re-suspended in TE, pH 7.5, at 100 lM. An

equal volume of tracrRNA and a crRNA were combined

and annealed by heating to 95�C for 5 min, followed by grad-

ual cooling in a polymerase chain reaction (PCR) machine.

This single-guide RNA (sgRNA) was aliquoted and stored at

�80�C until use. To generate a RNP for sub-zona microin-

jection, Streptococcus pyogenes Cas9 nuclease (Alt-R

S.p. Cas9 Nuclease 3NLS, IDT, or PNA Bio) and an

sgRNA were diluted in equal volumes of TE (Tris
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10 mM, EDTA 0.1 mM), pH 7.5, and Opti-MEM medium

(Gibco, Thermo Fisher Scientific), combined, and incu-

bated at room temperature for 20 min. Following this in-

cubation, the DNA repair template was added. The

solution was spun in the cold at 20,000 g for 15 min to

remove particulates. The final concentrations in the injec-

tion solution used for HDR at the Nanog and Rpl13a loci

were 48.7 ng/lL of Cas9 protein, 20 ng/lL of sgRNA,

and 20 ng/lL of DNA repair template. For the RNP effi-

ciency experiment assessed by MiSeq analysis, the final

concentrations of reagents were 200 ng/lL of Cas9 and

100 ng/lL of sgRNA with or without 20 ng/lL of DNA

repair template.

Alt-R� CRISPR-Cas9 tracrRNA–ATTO� 550 (IDT):

ATTO� 550 fluorescent dye was added to the 5¢ end

of Alt-R� CRISPR-Cas9 tracrRNA (IDT). This form

of tracrRNA can be used interchangeably with unlabeled

Alt-R� CRISPR-Cas9 tracrRNA (IDT) to generate

sgRNAs and RNPs that are fluorescently labeled. Label

IT� Plasmid Delivery Control, Cy�3 (Mirus) is a Cy�3-

labeled circular plasmid DNA (2.7 kb).

Next-generation sequencing of blastocyst alleles
DNA from single blastocysts19 was amplified with

Nanog-specific primers containing a 22nt 5¢ tag and Q5

polymerase (NEB) according to the manufacturer’s in-

structions using these primers: CS1NanogNF3: 5¢-ACA

CTGACGACATGGTTCTACA TTGGAATGCTGCTC

CGCTC and CS2NanogR4: 5¢-TACGGTAGCAGAG

ACTTGGTCT CCGACTGCTCTTCCGAAGG. Fifteen

microliters of the 25 lL reaction was run on a gel for

quality assurance and to estimate the product amount.

The remaining PCR reaction from 104 blastocysts was

delivered to the McGill University and Génome Québec

Innovation Centre (Montréal, Canada) for barcode addi-

tion and MiSeq sequencing. A barcode and the Illumina

i5 or i7 index were added to each amplicon by PCR

using the Roche FastStart High Fidelity PCR system.

Samples were normalized and pooled using a Perkin

Elmer Janus liquid handler and purified with AMPure

beads. Libraries were then quantified using the Quant-

iT� PicoGreen� dsDNA Assay Kit (Life Technologies)

and the Kapa Illumina GA with Revised Primers-SYBR

Fast Universal kit (Kapa Biosystems). Average fragment

size was determined using a LabChip GX (PerkinElmer)

instrument, and the samples were loaded on the MiSeq

instrument with the MiSeq PE250 kit, as per Illumina di-

rections. MiSeq data were analyzed using the Integrative

Genomics Viewer.20,21

The Nanog-2A-mCherry repair template plasmid vector

(9.7 kb)1 was obtained from Addgene and the Nanog

crRNA from IDT. The target sequence has been reported.1

The mRPL13A-PQR(V2)-RFPnols plasmid DNA tem-

plate for the insertion of PQR(V2)-RFPnols into the endoge-

nous Rpl13a locus has been reported.22 The Rpl13a sgRNA

target sequence was 5¢-CCTTCCTCCGCCGCCAACTA.

Integration of the PQR-RFP gene cassette into the endoge-

nous Rpl13a locus was investigated by PCR.19 DNA

extracted from single blastocysts was amplified using a for-

ward primer (CGGGTTGCTAACCTGGAATA) recogniz-

ing sequences outside the 5¢ homology arm and a reverse

primer (ACGAGCAGCTTTCTTCTCC) recognizing se-

quences within the PQR-RFP insert producing an amplicon

of 2.5 kb. Two HDR templates were used, differing only by

the presence of the RFP or mScarlet reporter (Addgene).

Results
Retention of DNA and Cas9-gRNA in the sub-ZP space
For TIE to be effective, CRISPR components injected

into the sub-ZP space must be retained while embryos

are introduced into the electroporation chamber. To eval-

uate their retention, we injected fluorescently tagged

reagents in single or multiple boluses in volumes suffi-

cient to distend the ZP. Within seconds, while the injec-

tion pipette still traversed the ZP, normal ZP diameter

was restored. Following sub-ZP injection, a Cy3 labeled

2.7 kb plasmid was detectable by fluorescence microscopy

throughout the sub-ZP space for at least 24 h (Fig. 1A, 1, 2,

5, and 6). Further, a sub-ZP signal remained after electro-

poration, demonstrating that the applied current did not

eliminate sub-ZP retention. (Fig. 1A, 3 and 4).

Prior experiments in zygotes demonstrated that both

Cas9 mRNA and Cas9 RNPs can be electroporated in-

ward through the ZP.3,4,14 To determine the extent of

their retention within the sub-ZP space, we injected

ATTO550-labeled RNPs composed of Cas9 and a 67 nt

universal tracrRNA complexed with a 36 nt crRNA.

Two hours later, a diffuse fluorescent signal and highly

fluorescent puncta (indicative of RNP aggregates) were

observed throughout the sub-ZP space (Fig. 1A, 7).

Embryo viability following plasmid transfection
Next, we determined if electroporation parameters capa-

ble of transfecting long DNA templates were compatible

with embryo viability. A 5.1 kb circular plasmid bearing

a Ubiquitin C promoted RFP reporter (pUbi-mRFP-1)18

was injected sub-ZP into preimplantation embryos at dif-

ferent stages of development, and the appearance of RFP

was monitored at 24 h for two- and eight-cell embryos

and at 48 h for injected zygotes. Throughout, we used a

common electroporation protocol shown to support trans-

fection of CRISPR targeting reagents and short oligonu-

cleotides presented on the outside of the ZP.3,4,13,14

Single or multiple trains of seven square wave pulses,
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each of 3 ms duration separated by approximately 5 s,

were delivered at 1 KHz. Embryos electroporated at all

developmental stages gave rise to brightly fluorescing

cells (Fig. 1B, 1, 2, 3, and 4), although the effectiveness

of different voltages and train numbers varied greatly.

For example, for two-cell embryos, three trains at

18.75 V/mm were ineffective, three trains at 34.4 V/mm

were poorly tolerated, while three trains at 25 V/mm

led to transfection efficiencies between 20% and 100%.

In contrast, at the eight-cell stage, where cell diameters

FIG. 1. (A) 1 and 5: Fluorescent signal 10 min after sub-zona pellucida (ZP) injection of Cy�3-labeled circular plasmid
DNA (2.7 kb). 2 and 6: 24 h after sub-ZP injection of Cy�3-labeled plasmid. 3: 2 h after electroporation following sub-ZP
injection of Cy�3-labeled plasmid. 4: 24 h after electroporation following sub-ZP injection of Cy�3-labeled plasmid. 7:
10 min after sub-ZP injection of Alt-R� CRISPR-Cas9 tracrRNA–ATTO� 550. 8: non-injected two-cell embryo control.
(B) Groups of embryos were injected sub-ZP, electroporated, and cultured in the same media drop. 1: Expression of
the pUbi-mRFP-1 reporter in E2 embryos; TIE as zygotes, three trains at 30 V/mm. 2: Expression in E2 embryos: TIE as
2-cell embryos, three trains at 25 V/mm. 3: E3 blastocysts TIE as eight-cell embryos, three trains at 25 V/mm. (C) 1 and
2: Fluorescence signal from Nanog-mCherry fusion protein detected in the inner cell mass of blastocysts subjected to
TIE as 2-cell embryos. Calibration bar A = 67 lm, B = 145 lm, C = 100 lm.
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are reduced, three trains at 37.5 V/mm were well toler-

ated and effective (Supplementary Table S1).

While injection and electroporation of pUbi-mRFP-1

plasmid at concentrations ranging from 16.7 ng/lL to

4.35 lg/lL gave rise to embryos containing brightly fluo-

rescing cells, embryo development often was delayed at

high DNA concentrations, while lower concentrations

supported greater cell division, leading to an increased

number of fluorescing cells. Notably, the absolute sub-

ZP DNA concentration following injection is difficult

to define accurately. The ZP presents little impediment

to small molecule diffusion,10,23 and its rapid return to

a normal diameter following injection likely results

from trans-ZP expulsion of the injected solute but per-

haps not the DNA templates it contains. Thus, the DNA

concentration within the sub-ZP space may increase

with the number of boluses (volume) delivered.

RNP transfection
To assess the effectiveness of RNP delivery by the TIE

method, we investigated the frequency at which mutant al-

leles occurred in blastocysts derived from electroporated

two-cell embryos. Amplicons spanning the single RNP tar-

get in the Nanog locus were analyzed for misrepair of

double-strand breaks by next-generation sequencing with

MiSeq PE250 technology—a strategy that reveals the

full complement of alleles within the PCR product.

Three experiments were performed: two replicates in

which embryos were exposed to a mixture containing

RNP (200 ng/lL of Cas9 with 100 ng/lL of sgRNA) and

HDR template (20 ng/lL), and one with RNP alone at

5· concentration. Note, in these experiments, we used

RNP concentrations higher than those adopted for HDR.

Of 98 blastocysts investigated, 36 (37%) revealed mutant

alleles. Two involved insertions of 1 and 2 bp each, while

the remainder were deletions ranging from 1 to 25 bp but

typically of 3–6 bp. Twenty-four blastocysts carried a single

mutant allele, while 12 revealed multiple alleles, and one

presented with nine distinct variants. Thirty-eight percent

(17/45) of the embryos transfected with 5· RNP alone

bore one or more mutated alleles, while 28% (7/25) and

43% (12/28) of those transfected with the RNP and tem-

plate bore mutations. Unexpectedly, the portion of mutant

MiSeq reads was low in all mutation bearing blastocysts:

14 revealed mutant sequence in 1–5% of the reads, 16 in

6–14% of the reads, and six in ‡15% of the reads

FIG. 2. Blastocysts electroporated with a Nanog targeting RNP at the two-cell stage were analyzed for mutations
using MiSeq PE250 technology. Mutations at the gRNA target site were detected in 36/98 blastocysts. Each frame
represents the mutation bearing blastocysts observed in one experiment. Solid dots indicate the percentage of
mutant (vs. wild type) reads, while triangles represent the number of different mutant alleles carried by each
blastocyst.
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(Fig. 2). Notably, no correlation between RNP concentra-

tion and mutation frequency was apparent.

HDR following electroporation
Next, we determined if electroporation following injec-

tion of all CRISPR components into the sub-ZP space

could yield sufficient intracellular reagent concentrations

to support HDR. In two series of experiments, two-cell

embryos were injected sub-ZP and subsequently electro-

porated with three trains ranging from 25 to 31.25 V/mm.

First, we electroporated the RNP used in the above MiSeq

experiments together with a 9.7 kb DNA repair template.

Previously, when delivered by microinjection into zy-

gotes, these Nanog targeting components were reported

to support insertion in 9% of embryos surviving microin-

jection (75%) and result in an allele encoding a Nanog-

mCherry fusion protein.1 Nanog first accumulates in a

subpopulation of cells in the inner cell mass (ICM), and

2/89 blastocysts subjected to TIE at the two-cell stage

expressed a robust mCherry signal limited to the ICM

(Fig. 1C, 1 and 2).

Next, we targeted the Rpl13a locus using an RNP and one

of two 7.16 kb DNA templates designed to yield either

mRFP or mScarlet Rp113a fluorescent proteins.22 No fluo-

rescent signal was detectable in the blastocysts derived from

transfected two-cell embryos, but it is unknown if Rpl13a is

robustly expressed during preimplantation development.

Therefore, HDR was assayed by PCR19 and the predicted

insertion event was observed in 2/73 and 1/32 blastocysts

transfected with the mRFP and mScarlet templates, respec-

tively (Supplementary Fig. S1). Thus, sub-ZP injection and

electroporation of mixes containing Cas9, gRNA, and DNA

templates up to 9.7 kb supported precise CRISPR-mediated

gene edits. In these experiments, sub-ZP injection and elec-

troporation was well tolerated, with 90% (187/209) of the

treated embryos developing to blastocysts.

Discussion
An increase in homology-directed repair (HDR) correlates

with S phase in many cell types.24 Therefore, introducing

CRISPR components into advanced preimplantation em-

bryos, where the cell cycle is foreshortened, might result

in more frequent edits. However, when multicellular em-

bryos were electroporated with the RFP reporter plasmid

they typically demonstrated mosaic expression, suggesting

that unequal transfection may counterbalance potential

gains in HDR efficiency. Curiously, mosaic expression

of the reporter plasmid was observed in embryos derived

from electroporated pronuclear stage zygotes, demonstrat-

ing that subsequent expression underestimates actual trans-

fection efficiency. Nonetheless, when electroporated at the

two-cell stage, the HDR success rate at the Nanog locus

was modest (2.3%) compared to previous reports (9%)

using zygote microinjection.

Although the rate limiting step(s) in the method we de-

scribe have yet to be determined, the low abundance of

mutant alleles detected in the MiSeq experiment suggests

that RNP activity was suboptimal. All blastocysts carrying

mutations exhibited extensive mosaicism, and 1/3 had

more than one mutant allele. Notably, the frequency of mu-

tant alleles detected by MiSeq is not a direct measure of

RNP effectiveness. Many induced breaks are thought to

undergo faithful repair, while in the continued presence

of an effective RNP concentration, such restored targets

should continue to be cleaved until mutation invalidates

the sequence as a gRNA target.25 The presence of muta-

tions in 37% of the blastocysts analyzed by MiSeq suggests

that successful RNP transfection was frequent. Assuming

equivalent PCR amplification of wild-type and mutant al-

leles, multiple mechanisms might account for the low

abundance of mutant alleles. The preassembled RNP

used here differs from the Cas9 mRNA and Nanog

gRNA used previously to target the same site, and these

may have different efficiencies. Successfully transfected

cells could be at a developmental disadvantage, contribut-

ing few cells to the resulting blastocyst—a mechanism at

odds with their apparently robust contribution to the

ICM, as observed with HDR at the Nanog locus. Subse-

quent intracellular delivery of transfected RNP to the nu-

cleus might be inefficient, and mutations introduced into

only a few cells in later stage multicellular morula could

limit their presence in blastocysts and underlie the ob-

served mosaicism. The exceptional blastocyst bearing

nine different alleles within 42% of its MiSeq reads re-

quires that RNP induced non-homologous end joining oc-

curred beyond the two-cell stage. To our knowledge, direct

genotyping has not been performed previously on blasto-

cysts developing from embryos transfected with CRISPR

components. However, tissues (i.e., post ICM selection)

of mice derived from microinjected zygotes also revealed

extensive mosaicism and a striking number of different

alleles.26,27

Conclusion
We show here that breaching the ZP barrier by direct

injection of reagents into the sub-ZP space supports

electroporation as an alternate method of transfecting

zygotes and preimplantation embryos. Unlike direct in-

jection into zygote cytoplasm or pronuclei, injection

into the sub-ZP space requires minimal experimenter

skill and is rapid and achievable with a wide range of pi-

pette configurations. Electroporated zygotes and embryos

demonstrate excellent survival, suggesting possible ap-

plication in species where direct microinjection is less

228 BAGHERI ET AL.



well tolerated. The approach provides a simple means of

delivering components into embryos throughout pre-

implantation development, including recently fertilized

zygotes where mosaicism might be reduced14 and later-

stage embryos where HDR efficiency might be highest.

Electroporation of late-stage embryos could also support

the intentional derivation of mosaics for multiple experi-

mental purposes.28 As described here, the TIE method is

likely amenable to optimization at many levels, including

development of cell-specific electroporation programs,

improved RNP solubility,29 and possible separation of

RNP and template delivery strategies to optimize each.

Finally, direct delivery of diverse components into the

sub-ZP space may facilitate their subsequent transfection

into zygotes and preimplantation embryos using either

traditional or emerging chemical transfection reagents.
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